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A synthesis of the monocyclic ketoester 27 and the

bicyclic ketoester 33 via electrophilic cyclization of

acyclic, olefinic ketoesters 25 and 39 respectively, is

described. The bicyclic ketoester 33 was also prepared

in the same fashion from the monocyclic precursor 40.

The bicyclic ketoester 33 was converted to the a-methyl-

ene ketone 41, which was used to prepare A
8(14)podocar-

pen-13-one (48) and the ketoacid 55.

The preparation of the bicyclic ketoesters 23a and

23b is also described. Thus, condensation of a-cycloci-

tral (34) with the dianion of methyl acetoacetate afford-

ed the y-hydroxy-a-ketoester 65. This was converted to

its acetate (75) which yielded 24E upon treatment with

triethylamine. Photolysis of 24E in a solution of methan-

olic sodium methoxide gave 23a and 23b, via a pathway in-

volving the enolate 80Z.

An approach to the synthesis of aplysistatin (84)



which involves a novel synthesis of 3-alkyltetronic acids

is described. Thus, methyl homogeranyl acetate (117)

was treated successively with lithium diisopropylamide

and trimethylchlorosilane to yield the silyl ketene ace-

tal 125b. Treatment of 125b with chloroacetyl chloride

and triethylamine in tetrahydrofuran afforded the y-chloro-

6-ketoester 126b, which was cyclized to the dihydrofura-

none 130 by treatment with 1,5-diazabicycloundec-5-ene

(DBU). Hydrolysis of 130 afforded the 3-alkyltetronic

acid 113.
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CYCLIZATION OF OLEFINIC --ICETOESTERS.

AN APPROACH TO THE SYNTHESIS OF APLYSISTATIN

I. Introduction

According to the "biogenetic isoprene rule"
1
of ter-

pene biosynthesis, terpenoid compounds have a common bio-

logical origin in mevalonic acid 1. Through the intermed-

iacy of pentenyl and isopentenyl pyrophosphates (2 and 3

respectively), 1 is converted into polyolefinic compounds

with structures containing multiples of the five carbon

unit in 2. In many cases, the linear polyolefins are then

converted by an enzymatic cyclization into various terpen-

oid compounds.

Although originally proposed on the basis of circum-

stantial evidence,
2
the biogenetic isoprene thpory has

since been extensively supported by feeding experiments in-

volving isotopically labelled compounds. 3
It has further

been shown that a key step in the biogenesis of polycyclic

terpenes is a concerted, multiple ring closure of the acyc-

lic polyene which proceeds in a stereospecific manner, and

is often accompanied by concerted aklyl migrations. The

most notable example of this is the conversion of squalene

to lanosterol in steroid biosynthesis.
4

By holding the polyene rigidly in a certain conforma-

tion, the cyclase enzymes which mediate these processes in

vitro are capable of determining the stereochemistry of the



product. However, the trans-anti-trans configuration of

many natural products arises from a conformation in which

the all trans polyene is folded into a series of pseudo-

chair forms (a conformation which is thermodynamically

3

PP > PP

V
TERPENES

Figure 1

2

2
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favored), and trans addition across a double bond is a

natural consequence of a concerted reaction. Thus it ap-

pears that polyolefins possessing an all trans configura-

tion may have an inherent susceptibility to cyclize (in

a concerted process) so as to give products of natural con:-

figuration.5

The hypothesis that nonenzymic, electrophilic cycli-

zation of polyolefins would lead to products with natural

stereochemistry was first proposed and tested by Eschenmos-

er
6

and Stork.
7

Eschenmoser prepared the bicyclic compound

5 from the triene 4 in 70% yield.
8 Although the stereochem-_

4

6

Figure 2

7

.0H
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istry of: the bicyclic product 5 was what would be expect-

ed from a totally concerted reaction, the same product was

obtained from the cis isomer 6 and the monocyclic product

7.
9

A concerted process was thus rendered unlikely as all

three cyclizations must have proceeded through a common in-

termediate. Stork arrived at the same conclusion from his

work on farnesic acid.7' 10

Eschenmoser also examined the acid catalyzed cycliza-

tion of 8, which gave the tricyclic compound 9 but only in

5-10% yell .

11
He concluded that, with polyolefins as com-

plex as 8, acid-catalyzed cyclization ceased to be useful

8

OH

(---"'N,..../)"...CO
2H

Figure 3

due to the many possible sites of attack and subsequent

modes of cyclization.

Construction of polycyclic systems by electrophilic

ring closure of polyolefins, or "biomimetic" synthesis, has

since been investigated in several other laboratories. The

principal innovations in this field are due to Johnson
12
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and Van Tamelen. 13
Van Tamelen has developed a procedure

for selective epoxidation of the terminal olefin of a poly-

olefinic substrate. Subsequent treatment of the epoxide

with an acid catalyst induced cyclization to polycyclic

alcohols of type 12 (Figure 4). This procedure allowed

selective formation of a Single carbonium ion from which

the cyclization could be initiated and provided biomimetic

access to the C-3 oxygenated polycyclic terpenes (refer to

Figure 6 for numbering). This approach has been used, for

example, in a synthesis of 5-amyrin 14
14 from the bicyclic

precursor 13 in 8% yield.

BS

'H 0GLYME

IL .

2) OH

A
10

13

11 12

Figure 4

14
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Johnson's solution to the problem of selectivity in

polyolefin cyclization also entails generating the carbon-

ium ion from a reactive function in the substrate. He

has been most successful with allylic alcohols, which are

converted to allylic carbonium ions upon treatment with an

acid catalyst. For example, tetraenol 15 has been cyclized

to the alcohol 16 in fair yield. The very high stereoselec-

tivity of this and similar reactions conducted by Johnson

imply that the cyclization is a concerted process.

At the outset, the goal of this research was the pre-

paration of diterpenoids with the labdane (17) and related

skeletons (exemplified by those of the pimaranes 18 and

kauranes 19). These have in common the bicyclic moiety

20, which is functionalized in a variety of ways to give

this family an exceptionally diverse range of structures.

15

HCO H

Figure 5

16

--OH



19

Figure 6

18

20

7

The labdanoid diterpenes are derived in nature from

geranylgeranylpyrophosphate 213 via electrophilic attack

on the terminal double bond, accompanied by concerted ring

21

Figure 7

22



8

closure to the bicyclic carbonium ion 22. This cation

can then undergo loss of a proton, nucleophilic attack,

further cyclization, or alkyl migration to form the vari-

ous skeletons such as those illustrated in Figure 6.

Unfortunately, the biomimetic approaches developed

by Van Tamelen and Johnson are not directly applicable to

the synthesis of terpenoids of this class. Thus, Van Tame-

len's approach is restricted to the preparation of terpenes

with a C-3 oxygen function, a feature not present in a large

number of the labdanoid diterpenes. Johnson's method,

though efficient and stereospecific, does not lead easily

to cyclic products with functionality properly disposed for

elaboration into labdanoid structures.

In order to extend the synthetic utility of these ring-

forming reactions, an approach based on electrophile-initi-

ated cyclization of olefinic $-ketoesters was investigated.

Extension of the "biomimetic" cyclization to olefinic $-ke-

toesters offers several advantages over the cyclization of

polyolefins such as those employed by Eschenmoser. The $-

ketoester moiety can be readily prepared by a number of syn-

thetic methods, and would provide a convenient and flexible

synthon for further chemical transformations upon the cyc-

lized product. Also, the ketoester, in the form of its enol

tautomer, would provide a uniquely reactive double bond. The

facile participation of this very nucleophilic double bond

in the cyclization process was expected to improve the pros-
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prospects for obtaining a product from a concerted reaction.

In Chapter II, the preparation and cyclization of se-

veral olefinic a-ketoesters to give mono and bicyclic pro-

ducts is described. In addition, some direct applications

to terpene synthesis are discussed.

A further structural variation based on the bicyclic

moiety 20, which is found in a Large number of the drimanic

sesquiterpenes as well as some of the higher terpenes, is

the presence of additional unsaturation in the B-ring, or

oxygen functionality at C-6 or C-7. In order to accomodate

these features, we attempted to extend the cyclization of

olefinic a-ketoesters to the preparation of compounds such

as 23.

Limited success with electrophilic cyclization in this

series led to a study of the photochemistry of the ketoes-

ter function and its enolic derivatives. This work reveal-

ed an interesting manifold of photochemical and chemical

conversions which permitted the synthesis of 23 from 24E in

good yield. The outcome of this research, including some

mechanistic conclusions, is described in Chapter III.

Finally, in Chapters IV and V an approach to the novel,

brominated sesquiterpene aplysistatin is described. The

strategy adopted in this plan is based on the foregoing

studies on Lewis acid-catalyzed cyclization of olefinic $-

ketoesters. The synthesis of a tetronic acid derivative is

presented and various attempts to effect cyclization of this



24E

CI Me

Figure 8

CO
2
Me

23a (conjugated)

23b (unconjugated)

10

precursor to a substance possessing the aplysistatin skel-

eton are discussed.
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II. Electrophilic Cyclization of Olefinic IS-Ketoesters

The polyolefinic compounds which have been used in

biomimetic syntheses generally contain double bonds in a

series of 1,5 relationships, as in the natural substrates.

The olefinic 3-ketoesters required for an analogous reac-

tion (Figure 9) can be viewed as acetoacetic esters with

y-allylic substituents.

In 1974, Weiler
15 reported that the dianion of aceto-

acetic ester could be prepared in tetrahydrofuran by suc-

2R

,-/-"NN OH E+

.`CO2R

Figure 9

cessive treatment with sodium hydride and butyllithium.

This dianion was found to undergo alkylation exclusively

at the y-position, thus providing ready access to the com-

pounds we desired. Another method, which is useful when

the alkyl methyl ketone corresponding to the desired keto-
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ester is available, involves trapping the kinetically

formed enolate of the ketone by generating it in the pre-

sence of a dialkyl carbonate. 16 Both procedures were em-

ployed and are outlined in Figure 10.

R7X

NaH

CO (OMe )2

Figure 10

CO 24e
2

The cyclization of an olefinic ester was first stud-

ied using ketoester 25 as a substrate. This compound has

been prepared by Casey 17 from methyl acetoacetate and 1-

bromo-3-methylbut-2-en(24) using Weiler's method. The lat-

ter compound was prepared by addition of hydrogen bromide

to isoprene.
18 It was more convenient however, to prepare

25 by carbomethyoxylation of commercially available 6-meth-

ylhept-5-en-2-one(26) . This avoids the necessity of deal-

ing with the foul-smelling and lachrymatory 24.

When 25 was treated with stannic chloride in methylene

chloride at room temperature, it was converted to the cyc,..



25

Br

24

A
26

lic ketoester 27 in 70%

Figure 11

yield. The structure of 27 was

evident from the nmr spectrum, which showed no olefinic

hydrogens, and in which the methyl protons had moved up-

S nC 14

27

Figure 12

28

13
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field (in a very recent publication, Weiler19 reported the

same reaction of 26 to 27 in a synthesis of the aldehyde

28).

Before extending this reaction to the preparation of

bicyclic compounds, we examined the cyclization of the

epoxide 29, derived from 25 by oxidation with m-chloroper-

benzoic acid.
21

It was hoped that this sequence would

provide a direct counterpart to the work of Van Tamelen

12
in the preparation of polycyclic alcohols. Unfortunate-

ly, the acid catalyzed cyclization of 29 did not follow

the same course as that of 25. Exposure of 29 to stannic

chloride led to a complex mixture of products, of which

the major constituent was the pyran derivative 30. The

carbocyclic compound 31 was obtained in minor amounts as

a mixture of stereoisomers.

25
MCP BA

29

J-5
HO

SnC14 71 30

Figure 13

HO.

31

02Me

0 Me
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The structure assignment to 30 was based on spectral

evidence. The nmr spectrum showed a triplet at 6 5.36,

corresponding to the single vinyl proton (although only

one isomer was evident in the nmr spectrum, the geometry

of,the double bond could not be definitely assigned on

the basis of the available information), a singlet at 6

2.58 for the hydroxyl proton, an overlapping doublet of

doublets at d 4.27 for the proton on the hydroxyl bearing

carbon, and three methyl singlets at 6 1.20, 1.34 and 3.68.

The infrared spectrum showed a strong hydroxyl band at 3500

cm
-1

, and a pair of bands at 1670 and 1750 cm 1.

The nmr spectrum of 31 was not as well defined as that

of 30, since it was obtained as a mixture of cis and trans

isomers, and was contaminated by a small amount of an unde-

termined impurity which could not be removed chromatograph-

ically. However, a one proton multiplet at 6 3.88 and a-

broad one proton singlet at 6 2.75 demonstrated the pre-

sence of the hydroxyl, and a one proton singlet at 6 2.84

was assigned as the a proton of the ketoester. The four

methylene protons appeared as a complex multiplet cantered

at 6 2.05 and the ester methyl gave rise to a sharp singlet

at 6 3.68. The methyl singlets of the major isomer appear-

ed at 1.10 and 1.22 while those of the minor isomer were

closer together and slightly upfield at 1.09 and 1.14 re-

spectively. The infrared spectrum of this mixture contained

1 -1
a broad band at 3450 cm and a carbonyl band at 1735 cm .
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It was not possible to assign the stereochemistry of the

major and minor isomers.

The divergent behavior of 25 and 29 was also evident

in the conditions required for the cyclization reactions.

A full equivalent of stannic chloride was necessary to ef-

fect cyclization of 25, and the reaction required several

hours at room temperature to go to completion, while the

reaction of 29 with stannic chloride was very rapid, even

at -78°, and required only a catalytic amount of the Lewis

acid.

A possible explanation for the difference in behavior

between 25 and 29 may lie in their different modes of re---

action with stannic chloride. The ketoester function of

25 probably complexes with the stannic chloride, forming

a relatively stable chelate which slowly rearranges to the

cyclic product 27. The ketoester 27 is thermodynamically

favored over the enol ether 32, and is the only cyclic

product formed under these conditions. In contrast, the

epokide function in 29 is the most reactive function pre-

sent, and immediately forms a carbonium ion in the presence

of stannic chloride. The carbonium ion is attacked by the

ketoester function, probably in a concerted process which

is simultaneous with electrophilic attack. The product

distribution is thus the kinetic one and may represent the

position of the equilibrium between the keto and enol forms

29a and 29b (refer to Figure 14).



25

SnC1

SnC1

4"a-1>

J-.00 Me
ti

OV

29a

29b

17

?2Me

30

31

Figure 14

In agreement with the proposed mechanism, epoxide 29

was found to be very sensitive to acid catalyzed rearrange-

ment, and gave similar product mixtures when treated with

another Lewis acid (zinc chloride), or a protic acid (p-tol-

uenesulfonic), or even upon long standing with traces of

m-chlorobenzoic acid remaining from the preparation of the

epoxide, The product 30 was equally unstable, and decom-

posed (in the presence of traces of acid) to a complex
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mixture. The acid catalyzed decomposition of 30 probably

accounts for the complexity of the product mixture obtained

from 29.

Experiments were next directed toward the preparation

of the bicyclic structure 33 which was first prepared by

Eschenmoser20 by esterification and oxidation of 5. It

was expected that 33 would provide a generally useful syn-

thon for the preparation of labdanoid diterpenes since, in

common with these compounds, it possesses the bicyclit ring

structure 20. The ketoester function should provide ready

access to the remainder of the structure which differenti-

ates the various diterpenes.

Ketoesten 33 was accessible via two routes, each of

which employed y alkylation of methyl acetoacetate followed

by stannic chloride cyclization. Both geranyl bromide (34)

and -cyclogeranyl bromide (35) reacted cleanly with the

dianion of methyl acetoacetate to give y alkylated products.

The bromides 34 and 35 were prepared from the corresponding

alcohols with phosphorus tribromide
8

Geraniol (36) is com-

mercially available while IS-cyclogeraniol (37) was prepared

from citral(38a)via published procedures.
22

Both 39 and 40 underwent cyclization to 33 upon treat-__

ment with stannic chloride. Although a slightly higher

yield was obtained from 40, the necessity of preparing 37

from 38a dispels any yield advantage. The chromatographic

separation of 33 from byproducts, however, was simpler when
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it was obtained from 40. The fact that the same stereo-

chemical outcome was observed whether 33 was prepared from

39 or 40 implies that 33 is a thermodynamically favored

product, and that the stannic chloride cyclization of

.,,OH

36

38a

I

\fr

CHO ,

38b

P Br
3

/-\,/ -).V./C°2Ne

34 39

CO
2
Me

N'Ner- 0

1

33

37

Figure 15

PBr
L I!

40

I\,/ CO
2

Me

35
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olefinic (3-ketoesters is not a concerted process. This

conclusion is in agreement with the mechanism proposed in

Figure 14. However, in the absence of detailed knowledge

concerning the ketoester-stannic chloride complex, it is

not possible to rule out a mechanism in which a concerted

process takes place, followed by equilibration of the pro-

duct.

The relatively easy access to 33 which is afforded by

the cyclization routes described above, makes this sub-

LiA1H4

Cr03

45

H

TsC1

C
5
H
5
N

DB1J_

44

r.
H

OH

42

Figure 16

41
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stance an attractive synthon for some more complex members

of the terpenoid family of natural products. Unfortunate-

ly, direct alkylation of 33 in the presence of base was

unsuccessful, probably owing to'the steric hindrance in

the highly substituted enolate. An alternative method for

introducing functionality into 33 appeared to lie in its

conversion to the exomethylene ketone 41, which was obtain-

ed by a procedure similar to that used previously by Eschen-

moser,
8
who had employed 41 in a synthesis of the onocerin

derivative 42.

Diol 43 was prepared in 97% yield from 33 via reduc---

tion with lithium aluminum hydride. The diol was convert-

ed to the monotosylate 44 which, without purification, was

oxidized to ketotosylate 45 and subsequently converted to

41 by elimination with diazabicycloundecene (DBU). The

transformation of 43 to 41 was thus accomplished in 62%

overall yield.

As expected, 41 proved to be a reactive acceptor in

the Michael reaction. Treatment of 41 with methyl aceto-

acetate in the presence of methanolic sodium methoxide af-

forded the adduct 46 as a mixture of epimers. Treatment of

46 with 5N sodium hydroxide resulted in simultaneous sapon-

ification and Robinson annelation to give 47 which, upon

heating to 80°C underwent decarboxylation to p8(14)
podo-

carpen-13-one 48 in an overall yield of 50% from 41.

The structure of 48 was evident from its nmr spectrum,



41

80°C

46

48

Figure 17

47

22

which showed a one proton singlet at n 5.85, its infrared

spectrum which showed two bands at 1680 and 1630 cm
-1

, and

03
its melting point (90.5-91.5°C lit- 92.5-93.5°C).

Other preparations of 48 have been described, which

started from 49
24

and 50,
23 and this tricyclic ketone has

been employed in several total syntheses of diterpenes, in-

cluding iabdanolic acid 5125 phyllocladene 52,
26

and hiba-__

one 53.
27

The Michael reaction of 41 with diethyl malonate gave

ketodiester 54 which was saponified and decarboxylated to

give ketoacid 55 (melting point 130-132°C) in 73% overall

yield from 41.
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z

1/ 50

48

53

Figure 18

This substance, which has previously been prepared

from 48 by ozonolysis and oxidation, has been used in the

synthesis of ambreinolide (56) and related systems.
5

The

synthesis of 55 via enone 41 represents a substantially

more efficient route to this useful labdanoid synthon.

Thus, the preparation of ketoesters 28 and 33 by stan-

nic chloride-catalyzed cyclization of acyclic precursors
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CH2 (CO
2
Et)

2
NaOEt . >
EtOH

1) NaOH

2 ) H+, 140°

/Ns's CO
2H

55

Figure 19

54

24

CO
2
Et

CO
2
Et

56

demonstrates the practicality of constructing mono and bi-

cyclic systems by this route. The scope of this interest-

ing reaction remains to be explored, but a large number of

extensions of this scheme can be envisaged. The facile

synthesis of 48 and 55 from 33 illustrate the utility of

the ketoester cyclization as applied to a decalone system.

The flexibility inherent in this approach to diterpene syn-

thesis is evident from the fact that a wide variety of

functional variations can be accomodated by appropriate

selection of the donor in the Michael reaction with 41.

The most obvious extension of this method is the for-

mation of three or more rings simultaneously. In particu-

lar, the cyclization of 58 and its desmethyl derivative 57
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is expected to provide useful products. The anticipated

product from cyclization of 57 is 59, which has obvious

applications to the preparation of compounds related to

18 and 19. The expected product from the cyclization of

58 is 60 which would provide 'entry into the carbon skele-

tons of the triterpenes.
28

Studies on the cyclization of 57 and 58 would provide

an interesting comparison with the methods employed in

other laboratories, since the simultaneous formation of

-CO 2Me

57

58

Figure 20

59

2

60
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three rings has often caused a considerable reduction in

yield. In this context, it is pertinent to note that the

ketoester function can be converted in high yield to a

y-methylallyllic bromide17'19 (Figure 21). The bromide

61 can be used to alkylate the dianion of methyl acetoace-

tate.and the product 62 cyclized, thus allowing stepwise

construction of multiple ring structures.

> >
s.CO

2 R2 ---"'Me NCO Me

e

61

62

Figure 21
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III. Photochemical Cyclization

Our previous work had shown that Lewis acid catalyzed

cyclization of olefinic -ketoesters afforded a convenient

route to bicyclic systems such as 33. The incorporation

of additional functionality into this scheme would extend

its versatility, and with the ultimate goal of preparing

terpenoids substituted at C-6 (see 20, Figure 6) by this

method, the unsaturated ketoester 23 was selected as a tar-

get.

In order to minimize side reactions in this process,

it was felt that the best approach would be to construct

the functionalized 13 ring upon a preconstructed A ring, in

a fashion analogous to the cyclization of 40 to form 33.

The route chosen employed a technique developed by Johnson12

wherein a polyolefin containing an allylic alcohol function

is treated with an acid catalyst, generating an allylic car-

bonium ion which undergoes cyclization. Using this method,

Johnson cyclized 63 to 64 in high yield as shown in Figure

22.

Adaptation of this method to incorporate a ,-ketoester

in place of an olefin required synthesis of 65, which con-

tains a 3- hydroxyketone function reminiscent of an aldol

addition product. It has been shown that lithium enolates,

generated by a strong base in non-protic solvents, add to

aldehydes to give just such crossed aldol products.
29

The

success of the reaction depends on the fact that enolates
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generated under such conditions undergo equilibration very

slowly. Thus, the enolate of a weakly acidic carbonyl com-

pound behaves as a nucleophile instead of abstracting a

proton from the aldehyde. It was felt that this principle

could be extended to the dianion of methyl acetoacetate,

as prepared by Weiler 15
in tetrahydrofuran.

63

64

_OH

Figure 22

When 3-cyclocitral (38b) was added to a solution of

the dianion in tetrahydrofuran and the resultant adduct

neutralized with aqueous ammonium chloride, 65 was obtained

in 75% yield.

Treatment of 65 with stannic chloride apparently gen-

erated the expected allylic carbonium ion, but in addition

to 23b, isolated in 11% yield, the a-pyran 66 and the di-

enone 24E were isolated in yields of 16 and 13% respectively



38b

Ne/'\,/ H2O , H+ +

65

OH

29

(Figure 23). The remainder of the material was accounted

for as intractable polymer. Thus, in contrast to 40, stan-

nic chloride cyclization to 65 is appreciably less selec-

tive in its outcome, and has no synthetic value for pre-

paration of carbocyclic products such as 23. When p-tolu-

65

SnCla.

CH
2

C12

pTs0H

67

68

23b

Figure 23

24

0 Me

66
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enesulfonic acid was substituted for stannic chloride in

an effort to reduce tar formation and possibly change the

ratio of products obtained, 23b, 66 and 24E were produced

in only trace amounts, while the major product was lactone

67. The structure of 67 was assigned from the mass spec-__

trum which showed a parent ion at 236, the presence of an

olefinic methyl in the nmr spectrum, and the non-equiva-

lence of the two a-protons of the ketoester group in the

nmr spectrum.

These results indicated that acid catalyzed cycliza-

tion of 65 would not be a useful method of preparing 23a

or 23b. The major difficulty associated with attempts to

effect acid catalyzed cyclization of 65 seemed to stem from

transformation of the allylic alcohol 65 to the carbonium

ion 68, and it was therefore decided to pursue an approach

which avoided this intermediate.

Examination of dienone 24E reveals that it contains

a 6 7 electron system analogous to that found in 8-ionone

(69). BUchi and Yang30 reported that 8-ionone is cyclized

to the a-pyran 70 when irradiated with ultraviolet light

by a process which was thought to involve an E to Z iso-

merization of the central double bond. 30
'

31 It seemed like-

ly that the corresponding pathway leading to pyran 66 could

be suppressed with an enolic derivative of 24E such as the

silyl enol ether 71 or enol acetate 72, thereby promoting

a triene cyclization to 73 or 74. 32 These enol derivatives



could then be readily converted to 23 (Figure 24).

69

nv

70

31

Treatment of 65 with one equivalent of acetyl chlor-

ide and pyridine in methylene chloride gave the acetate

75 in good yield. Such 6-substituted ketones undergo fa-

cile E2 elimination under the influence of base.
33

Thus,

when 75 was refluxed briefly in toluene with one equivalent

of triethylamine, a quantitative conversion to 24E occurred.

24E

OR

a : R=TMS

72: R =Ac

co
2
Me

73: R=TMS

74: R=Ac

by
23 V

Figure 24
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Alternatively, f3-ionone (69) could be acylated with di-

methyl carbonate and sodium hydride16 as discussed in Chap-

ter II. The E configuration of 24E was evident from the

16Hz coupling constant between the vinyl protons.

The silyl enol ether 71 was produced upon treatment

of 24E with chlorotrimethylsilane and triethylamine 34

whereas exposure of 24E to acetic anhydride in pyridine---

gave the enol acetate 72. In both cases, a mixture of E

and Z isomers of the enolic double bond resulted.

Photochemical studies on 71 and 72 were carried out

using either a G.E. sunlamp (250 Watt) or a Pyrex filtered

450 Watt Hanovia medium pressure mercury lamp. Results

were qualitatively the same in the two systems except that

conversions were appreciably more rapid with the latter

system. Silyl enol ether 71 was too labile for separation

of E and Z isomers in pure form and was irradiated as the

AcC1/C5H5N

65
CH Cl

2 2

69

Et
3
N

C
6
H
5 3

24E

(reflux)

Figure 25
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mixture in pentane. Two products were evident, although

these could be only partially separated by thin layer chro-

matography. The nmr spectrum of the crude product mixture

showed enhanced absorption in the vinyl region, and failed

to reveal a new saturated methyl absorption as would be ex-

pected of 73. Hydrolysis of the mixture in tetrahydrofur-

an containing 10% 1N NC1 converted both products to a sin-

gle ketoester, as evidenced by thin layer chromatography

and nmr spectroscopy. This product was shown to be 77

H

1"

A
OITMS

71

Me

Et N

H+,H

66

77

1 1

Et 3N
3

Figure 26
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rather than the desired 23b. The structure of 77 was

readily apparent from its nmr spectrum, which showed the

two a protons of the ketoester at 6 3.48 and three vinyl

protons at 6 4.55, 5.02, and 5.38. The signals at 6 4.55

and 5.02 could clearly be identified with an exomethylene

group. Thus it was evident that 71 had undergone a [1,5]

hydrogen shift (or intramolecular ene reaction
35

leading

to 76. The photochemical [1,5] shift reaction in $-ionone

derivatives is well known.
36

An interesting property of 77 was revealed when it

was treated with triethylamine in an effort to regenerate

24E. Instead of reversion to the dienone, a rapid, quan-

titative conversion to pyran 66 resulted. This transfor-

mation must have proceeded through 24Z. The probably mech-

anism for the formation of 66 from 77 is discussed at the

end of this chapter, but it is pertinent to note that 24E

itself does not undergo this reaction with triethylamine.

The 2E and 2Z isomers of enol acetate 72 were separ-

ated by chromatography and showed distinct differences in

their nmr spectra, allowing unambiguous assignment of ster-

eochemistry. Thus the vinyl proton at C-4 lies 1.5 parts

per million further downfield in the E isomer than in the

Z isomer, consistent with a deshielding effect by the car-

boxyl carbonyl group on this vinyl proton.
37 This effect

is clearly only possible in the enol acetate with E geo-

metry (Figure 27).
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Irradiation of either isomer of 72 resulted in quan-

titative conversion to a mixture of E and Z isomers of 78.

These isomers were separated and characterized by an argu-

ment analogous to that used for 72. The relevant protons

in assigning E and Z stereochemistry to 78 are illustrat-

ed in Figure 28. In this case, the methylene protons at

C-4 in the E isomer showed a pronounced downfield shift

relative to the same protons in the Z isomer. When 78E

was treated with triethylamine, a smooth conversion to 79

resulted. The same product was acquired when 78Z was re-

fluxed with triethylamine in toluene, although the more

vigorous conditions required for the transformation in this

case resulted in a lower yield (60% as opposed to 95%). The

difference in reactivity between 78E and 78Z in base prob-

ably reflects a more facile removal of one of the C-4 meth-

ylene protons in the E isomer. Interestingly, the greater

deshielding experienced by these protons, which is evident

in the nmr spectrum, is paralleled by their greater acidity



in a kinetic sense.
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The outcome of the reactions with triethylamine illus-

trated another point, namely, the process whereby 77 was

converted to 24Z and thence pyran 66 was not operative in

the enol acetate derivatives 78E and 78Z.

Since irradiation of enol derivatives 71 and 72 had

failed to produce carbocyclic products 73 and 74., atten-

tion was turned to the photochemistry of 24E itself, and

also its enolate. It was presumed at the outset that 24E

would undergo an E to Z isomerization analogous to that ex-

perienced by 69 which, as mentioned earlier, is further
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transformed to pyran 70 upon irradiation. However, it

was surmised that photolysis of the enolate might take a

different course in which the triene system 80Z would un-

dergo electrocyclic closure to 81.

80Z

by

81

Irradiation experiments with 24E were carried out on

an approximately 0.01M solution in dry methanol. Initial-

ly, no base was added to the solution. Under these condi-

tions, irradiation of 24E for two hours resulted in 94%

conversion of starting material to photoproducts. The ma-

jor product, isolated in 60% yield after chromatography,

was shown to be 77. This product apparently arose from a

[1,5] hydrogen shift analogous to that observed with the

enol derivatives 71 and 72. Small amounts of 24E (6%),

pyran 66 (7%), and the decalone derivative 23b (8%) were

also isolated. When irradiation was sustained for three

or more hours, 24E disappeared completely, and a slow con-

version of 77 to 66 was apparent, accompanied by photode-

composition. A strikingly different result was obtained

when 24E was subjected to irradiation in a solution of

methylene chloride and pentane. The major product in this
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mixed solvent system was pyran 66 while only a small amount

of 77 was evident. Moreover, when one equivalent of tri-

ethylamine was added to the solution of 24E in pentane-

methylene chloride, irradiation resulted in quantitative

conversion to 66.

The addition of a base in the form of sodium methox-

ide to an irradiated solution of 24E in methanol produced

two effects. The time required for the disappearance of

starting material increased and the yields of 23b and 66

increased at the expense of 77. When more than one equi-

valent of sodium methoxide was added, the production of

23a became apparent as well. The structure of 23a was

evident from the nmr spectrum, which showed a single pro-

ton at 6 2.23, coupled to two vinyl protons at 6 6.16 and

7.05 respectively. A model of 23a showed the dihedral an-

gle between the angular proton and the vinyl protons to be

between 80 and 90°, which is consistent with the 3Hz coup-

ling constant. The optimum yield of 23a and 23b was ob-

tained when two equivalents of sodium methoxide were add-

ed, and irradiation was continued for four hours. Under

these conditions a yield of 30% of 23a and 36% of 23b was---

obtained. Increasing the amount of sodium methoxide by-

yond two equivalents led to progressively longer times re-

quired for disappearance of starting material, accompanied

by extensive decomposition.

Although it was clear from these results that photo-
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chemical conversion of 24E via its enolate, to bicyclic

materials 23a and 23b could be realized in synthetically

useful yield, some questions remained concerning the mech-

anism of the several transformations observed. Particu-

larly puzzling was the precise role of added methoxide ion

in the photochemical process. If, in fact, the enolate of

24E (80E) underwent a direct cyclization to the enolate

of 24Z (80Z), it was unclear why increasing proportions of

base should retard the reaction. Also, the sharply con-

trasting results obtained with irradiation of 24E in meth-

anol and pentane-methylene chloride solutions seemed curi-

ous.

Further information on the photochemical behavior of

24E was revealed by conducting photolyses in dry tetrahy-

drofuran solution. When 24E was irradiated in tetrahydro-

furan at 0.01M concentration for one hour, the crude pro-

duct mixture, which was analyzed by examination of its nmr

spectrum, contained an approximately 6:1 ratio of 77 to

66, with only a trace of 24E. This result is qualitatively

similar to that observed in methanol solution. However,

addition of a full equivalent of sodium hydride to the

tetrahydrofuran solution of 24E (which presumably convert-

ed 24E entirely to its enolate 80E) arrested the photochem-

ical reaction completely. The addition of 0.5 equivalents

of sodium hydride followed by two hours of irradiation gave

a product mixture containing 20% starting material, 7% pyran
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66, 30% 77, and 32% total of 23a and 23b. Longer periods

of irradiation were not successful in increasing the yield

of cyclic material due to decomposition of products, which

was more rapid in tetrahydrofuran than in methanol.

An additional aspect of this photochemical manifold

became apparent when a methanol solution of pyran 66 was

treated with sodium methoxide and then irradiated. This

led to a mixture of 23a and 23b similar to that obtained

upon irradiation of 24E in the presence of sodium methox-

ide. It was verified that this was indeed a photochemical

reaction since no appreciable reaction occurred in the ab-

sence of light. Methanolic sodium methoxide is capable of

catalyzing conversion of ene product 77 to pyran 66 in the

absence of light, since a 1:1 mixture of 66 and 77 was con-

verted entirely to 66 in this solution in less than two

hours.

The set of chemical and photochemical processes eman-

ating from 24E which is supported by the foregoing evidence,

is summarized in Figure 29. Analysis of this scheme per-

mits several mechanistic conclusions. The experiment in

which 24E was converted to its enolate with sodium hydride

in tetrahydrofuran established that enolate 80E does not

undergo any photochemical changes. The ultraviolet spectra

of both 24E and its enolate 80E were measured and while

24E showed a X max value at 323 nm, the enolate 80E showed

only very broad absorption with no distinctive maximum, and
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an extinction coefficient which was an order of magnitude

smaller than that of the ketoester. In contrast, when

24E absorbs light, it rapidly rearranges to 77 via a [1,5]

prototropic shift. The latter undergoes a thermal reac-

tion to give 24Z. This reaction is accelerated by base,

but can occur without it, as evidenced by the gradual dis-

appearance of 77 and increase in 66 which was found to oc-

cur upon sustained irradiation of a neutral methanol solu-

tion of 24E, and also by the presence of 66 in previously

pure samples of 77 after storage for several days. The

dienone 24Z then closes to pyran 66 in a second thermal

process. Formation of pyran 66 is reversed upon irradia-

tion, and an equilibrium is probably established. The role

of added sodium methoxide becomes clear when the sequence

leading to 24Z is recognized, since this species can now,

be converted to its enolate 80Z. Pyran formation by this

enolate is suppressed and instead a photochemically induced

electrocyclization takes place. Protonation leads to 23b

which slowly undergoes isomerization to the conjugated ke-

tone 23a in the presence of base. It is now apparent why

the concentration of sodium methoxide exerts such a pro-

found influence on the rate of reaction of 24E. The latter

is in equilibrium with its enolate 80E, but it is 24E which

undergoes the initial photochemical reaction. As the pro-

portion of methoxide is increased, the reaction slows due

to the increasing proportion of the inert enolate 80E.
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Conceptually, the most difficult step to comprehend

in Figure 29 is the conversion of 77 to 24Z. This reac-

tion is stereospecific and occurs more rapidly in nonpolar

solvents. A possible mechanism for this transformation

is a [1,7] prototropic shift via the enol form of 77, as

shown in Figure 30. The fact that conversion of 77 to 66

takes place more rapidly in nonpolar solvents may reflect

a higher concentration of the enol form of 77 in such sol-

vents. The enolic form of 3-ketoesters is known to be

more stable in nonpolar solvents. 38
The role of base in

accelerating this conversion is still not certain.

66

77

CO2 Ile

Figure 30
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Since the proposed conversion of 77 to 24Z requires

a prototropic shift from the enol tautomer, it also pro-

vides an explanation for the divergent behavior of enol

acetate 78 when treated with triethylamine. The enol can-

not form in 78, and thus the rearrangement to 72Z does not

occur.

The mechanism proposed in Figure 29 to rationalize

the behavior of 24E differs from that put forward in ex-

planation of the photochemistry of 13-ionone.
36 In the lat-

ter case, the [1,5] shift photoproduct 82 was seen as being

formed in competition, with pyran 70. It was concluded that

82 arose from the singlet state of 69 while 70 was derived

from the triplet (Figure 31). Our work does not rule out

divergent pathways for the singlet and triplet states of

24E, but the demonstrated isomerization of 77 to 66 renders

this explanation unnecessary. The high initial concentra-

tion of the ene product 77 formed when 24E is irradiated

in methanol implies that it is the primary photoproduct,

and pyran 66 arises from it.

It is impossible from the nature of the reaction to

rule out a direct E to Z photoisomerization of 24E, since

the ultimate product is the pyran 66 from either pathway.

The behavior of enolic derivatives 71 and 72, though not

strictly analogous to that of the dienone 24E, is less am-

biguous. In these derivatives, the [1,5] hydrogen shift

reaction is both rapid and quantitative. No E to Z isomer-
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ization of the central double bond is observed.

69 69
(sin, 1,5 shift .55::

intersystem
crossing

V

69(trip)

Figure 31

It should be noted that Isoe39 has reported, in a

related study, the photochemical conversion of 24E to

23a via the 4,5 cis enolate 80Z, a result in keeping with

our findings. However, his report also stated that enol

acetate 72 underwent a similar transformation to 74 via

72Z, a result in direct contrast to our finding that 78E

and 78Z were the sole products of photolysis. No experi-

mental details are available from Isoe's laboratory, so a

comparison of procedures is not possible at this time.

In conclusion, the preparation of bicyclic ketoesters

23a and 23b demonstrates that the photochemical behavior

of conjugated enolates can be synthetically useful, and

may provide products not readily accessible from the cor-

responding carbonyl compounds. The sequence employed to

convert cyclocitral (38110-to dienone 24E represents a novel

approach to 6,y-unsaturated-3-ketoesters of type 83.
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Approaches to this particular functional array have usu-

ally been concerned with preparation of Nazarov's reagent

(83, R
1
=H).

40
Stork41 and Trost

42
have recently pub-

lished efficient syntheses of this compound but Stork's

method is limited to compounds which are stable to the

600°C pyrolysis employed, while Trost's method appears to

be limited to the preparation of Nazarov's reagent itself.

83

0 R

The potential applications of our procedure remain

to be explored, but it is worthy of note that, used in

combination with an a,$-unsaturated aldehyde and the pho-

to chemical process described above, it provides a novel

annelation sequence.
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Part II. Aplysistatin

IV. Introduction

In recent years, the search for novel and potentially

useful natural products has turned toward marine organisms,

with considerable success. A number of compounds which

are unusual or unknown among terrestial life forms have

been discovered in the marine environment. Many of these

substances not only exhibit novel carbon skeletons, but

also reveal a striking difference from terrestrial metabo-

lites in the frequent incorporation of bromine and chlor-

ine into their structures. 43

In 1975, Pettit and coworkers
44

discovered a novel

sesquiterpenoid, which they named aplysistatin, in the sea

hare Aplysia angasi. Isolated by isopropanol extraction

and chromatography, the compound was shown by X-ray crys-

tallographic analysis to have structure 84. The carbon

skeleton of aplysistatin represents a new class of sesqui-

terpenes, the parent of which was assigned the name aplysis-

tane.
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In addition to its novel structure, 84 has demon-

strated significant cytotoxicity in preliminary tests44

Thus, a total synthesis of this material would constitute

not only a worthwhile chemical challenge, but also a po-

tential contribution to medicine.

The planned synthesis of 84 is based upon its pre-

sumed biosynthesis, which is visualized as involving

brominative cyclization of a linear, polyolefinic precur-

sor such as 85.43

85 36

The bromotrimethylcyclohexyl moiety 86 is present in

a number of marine compounds including aplysin 20 (87),4 5a

and snyderol (88),41
6

3-bromo-8-epicaparrapi oxide(89),4
7

and 10-bromo-a-chamigrene(90)48 Thus, in the marine en-__

vironment, bromonium ion, or an enzyme containing a struc-

ture in which the bromine atom is the positive end of a di-

pole
4 3

appears to be capable of replacing the hydronium ion

initiator of polyolefin cyclizations which generates the

polycyclic terpenes among terrestrial systems (a discussion

of polyolefin cyclization is included in Chapter 1).
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Several reagents have been investigated as a source

of bromonium ion in the laboratory. Those that have been

at least partially successful at inducing brominative cyc-

lization include N-bromosuccinimide in polar solvent sys-

tems,49'5° bromine and stannic chloride,51 bromine and sil-

ver tetrafluoroborate, 51 and 2,4,4,6-tetrabromocyclohexa-

2,5-dienone. 52,53 Additionally, mercury II species have

been used to cyclize polyenes,
54

and the carbon-mercury

bond stereospecifically replaced by a carbon-bromine bond.

Though not strictly a brominative cyclization, use of mer-

cury II as an electrophile followed by substitution with

bromine avoids some of the problems associated with the

highly reactive bromonium ion which are discussed below.

The main difficulties associated with brominative cyc-

lization stem from two sources. The first, mentioned above,
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is the reactivity of bromonium ion, which leads to a rela-

tively non-selective attack on a polyfunctional substrate,

as well as attack on the product of cyclization if resid-

ual unsaturation is present. Although this problem cannot

be eliminated completely, it can be minimized by working

under mild conditions, using solvents of high polarity to

help stabilize the bromonium ion, and designing the sub-

strate molecule to avoid problems with further reaction.

Examples of these methods are discussed below. The second

problem derives from competition by external nucleophiles

for the bromocarbonium ion which can thus suppress cycli-

zation. Nucleophiles can emanate from either the counter

ion for the bromonium species, or, in some cases, from the

solvent.
CO Me

NBS

H20/GLYME
Br

CO Me
i

O2Me

91 94

Br IN.)
HO

Co Me

Br

92 93

Figure 32
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Selective attack by bromonium ion on the terminal

double bond of a polyolefinic system was first reported by

Van Tamelen.
49

By the use of N-bromosuccinimide in an aque-

ous glyme solvent, selective attack on the terminal olefin

of methyl farnesate (91) was achieved as shown in Figure

32. In this case, the major product was the desired bromo-

hydrin 92 resulting from nucleophilic attack by water, al-

though a very small amount of 93 was also isolated.

N-bromosuccinimide has been used in a solution of ace-

tic acid and t-butanol with cupric acetate50 to produce the

partially cyclized product 95 from 91 in a 12% yield. The

increased yield of cyclic material here is probably due to

the lower nucleophilicity of the solvent, although the na-

ture of the other 88% of the product mixture was not speci-

fied.

91 NBS, Cu(OAc)2

HOAc , tBIJOH
Br

302 Ne

95

Kitahara52 employed an equimolar mixture of aluminum

halide and 2,4,4,6-tetrabromocyclohexa-2,5-dienone (97) as

a source of bromonium ion in methylene chloride to cyclize

geranyl cyanide (96) (Figure 33). This gave 98 in a yield

of 15-16%. Coordination of aluminum halide with 97 liber-
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ated bromonium ion. This reacted with 96 to form a bromo---

carbonium ion which then cyclized. The counter ion for the

bromonium species was the large, relatively stable alumin-

um phenoxide compleX, which delivered halide ion to the bro-

mocarbonium ion after cyclization, to form 98.

Kitahara's group also used this reagent in a synthesis

of snyderol 88 from 99 53 The yield of 88 from the cycli-

A 1X
3

97 96

98

Br

Figure 33

zation was only 4%. The main side reaction in this cycli-

zation apparently involved attack on the intermediate bromo-

carbonium ion to form a bromoether of unspecified structure.
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The most successful work thus far on the problem of

brominative cyclization has been reported by Faulkner. 51

Faulner's group first tried N-bromosuccinimide systems

similar to Van Tamelen's, but rejected them since only

bromohydrins could be isolated as products. They then

changed to nitromethane as solvent and employed molecular

bromine with stannic bromide (to polarize the bromine-

bromine bond). Geranyl acetate 100 was the substrate chos-

en and the cyclic bromoalcohol 101 was obtained in 16%

yield after aqueous workup. FaUlkner speculated that the

acetate carbonyl group provided internal stabilization of

the cyclized carbonium ion, which then gave the alcohol

when quenched with water (Figure 34). Cyclization was

favored because the only nucleophile present in the sys-

tem was the complexed bromide ion. Since mass spectral

100

102

SnBr4'Br2
or

AgBF4,Br2

CH3NO2

11

0

AgBF4,Br

CH NO
3 2

'H
2

0

B

Figure 34

103

101
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analysis indicated that other products of this reaction

resulted from addition of bromide (to give a dibromo com-

pound), Faulkner also employed a mixture of silver tetra-

fluoroborate and bromine on the assumption that bromide

ion would then be removed as the silver salt as soon as

it was formed. This protocol resulted in a modest increase

to a 20% yield of 101. The same reagent was also used to

generate bromoenol ether 103 from geranyl acetone 102, a-

gain in 20% yield.

Aside from the merits of the specific reagent used

for the bromination, the above results provide a hopeful

prognosis for the synthesis of aplysistatin in that the

stereochemistry of 101 and 103 is the same as that in the

A ring of our target, 84. Thus, the configuration of three

of the four asymmetric centers in 84 is determined by the

mechanics of the cyclization itself, simplifying the ster-

eochemical problem in this synthesis considerably.

Several conclusions can be drawn from the examples

cited above. Of primary importance is the fact that brom-

inative cyclization can work, and is likely to provide most

of the desired stereochemistry as well. Less cheering is

the fact that the yield of cyclization product is likely

to be low, probably on the order of 10 to 20%. This is

not unacceptable, however, given the number and stereospe-

cificity of bonds formed in a single step. Finally, it

appears likely that a completely generalized system for
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brominative cyclization cannot be developed, since each

substrate presents unique problems of functionality. For

this reason, the use of model compounds in experiments de-

signed to test the feasibility of brominative cyclization

is of limited value.
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V. Discussion and Results

Following the choice of a brominative ring closure

as the key step in our proposed synthesis of aplysistatin

(84), there remained the selection and preparation of a

suitable olefinic precursor. The y-lactone 104 is the

most desirable candidate with respect to cyclization, since

it should 1.ead directly to 84. Thus 104 embodies all of

the requisite functionality for cyclization, including the

C ring of 84, and moreover, the alcohol function should

provide a good internal nucleophile to trap the intermed-

iate carbonium ion formed in the cyclization process. The

conjugated double bond in this E,E isomer would help orient

the alcohol correctly for cyclization and is also consid-

erably less nucleophilic than the others, diminishing po-

tential problems with over bromination.

The planned synthesis of 104 is outlined in Figure 35.

Condensation of homogeranial with the known tetronic acid

(106)
60

was expected to lead to intermediate 107 along with

the Z isomer. Separation of isomers was not perceived as

a serious difficulty, since, in any case; only the E isomer

was expected to cyclize to 84. Although reduction of enones

to allylic alcohols has been considered a difficult reaction

in the past, several reagents have been shown to accomplish

this transformation in good yield.
55

'

56 Homogeranial (105)

was expected to be available via reduction of geranyl cyan-

ide (96) with diisobutylaluminum hydride (DIBAL H).
52
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A literature search turned up a potentially serious

problem with the Knoevenagel condensation between 105 and

106. Condensations of this sort were carried out by 'Wolff

who reported only products of type 110 (Figure 36).

58

The Knoevenagel condensation is known to give either

products 109 or 110, depending on reaction conditions.
59

Normally, low temperatures and an excess of the aldehyde

component leads to monoadduct 109.

Tetronic acid (106) was prepared according to publish-

ed procedures60 and model studies were carried out using

benzaldehyde (108a) and valeraldehyde (108b). It was found
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that 109b could not be isolated from the reaction, although

it was possible to isolate 109a. Apparently, the Michael

reaction leading to 110 is much faster than the initial

condensation, unless the R group provides stabilization,

and/or steric hindrance.

Since the monoadduct is easily obtained in this con-

densation if a normal 1,3-dicarbonyl component such as ace-

toacetic ester is employed, we turned to the preparation of

111 with the intention of forming the lactone ring at a

later stage (Figure 37).

Cyanide 96 was prepared from geranyl bromide (34) ac-

cording to the procedure of Barnard and Bateman.
61 When

this substance was treated with DIBAL H however, no reduc-

tion occurred. Although the reason for this was not deter-

mined, it may have been due to abstraction of an a proton

from 96 by the hydride to form an unreactive anion.
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105

02 Me

111

Figure 37

Another method for homologating alkyl bromides to

the next higher aldehyde has been published by Corey and

Seebach,62 and is outlined for our case in Figure 38. Geran-

yl bromide (34) was used to alkylate the anion of I,3-di-

thiane to give dithioketal 112 in 92% yield. The hydrolysis

of 112 however, was not satisfactory. Cleavage of the dithi-

oketal, either with mercury (II)
62

or N-chlorosuccinimide
6 3

34
CH2(002E02
Na0Et

CO
2
Et N9114

A
118

CONHNH2 I-1920i>
CON3

ONHNH
2

3-

Figure 38
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was accompanied by reactions between the reagent and the

olefinic functions of 112. This, and a difficult workup

procedure led to only poor yields of impure 105.

A modification of the Corey-Seebach procedure, in

which methyl methylthiomethyl sulfoxide is substituted

for 1,3-dithiane
64

was also tried, but the derived anion

could not be alkylated with 34, a result which was also re-

ported by other workers with different halides.
65

Finally, a classical approach to 105, based on the

Curtius rearrangement66 was attempted as shown in Figure

38. The yield and purity of 105 from this procedure were

unfortunately little better than those obtained by the di-

thiane route.

In view of the difficulty experienced in attempting

to prepare 105 and the uncertainty involved in building

the lactone ring late in the synthesis, a new variant of

this strategy was devised. It seemed to us that prepara-

tion of the carbon skeleton of the precursor for cycliza-

tion would be simplified if it were planned around the al-

kyltetronic acid 113 instead of the alkylidenetetronic acid

107. Particularly attractive was the fact that 113 offered

several options (Figure 39). These would include conversion

to 104 and cyclization as before, reduction to alcohol 114

with the a,3,-unsaturation being introduced after cyclization

to 115, or possibly cyclization of 113 to the enol ether 116

which might be isomerizable to the desired exo isomer 84.
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116a: E= Br

116b: E= H

84

Figure 39

114
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115

Direct cyclization of 113 to enol ether 116 seemed

especially appealing for preparation of a norbromo analogue

Br2

032

HO

2
Et RX

Figure 40

CO
2
Et

CO
2
Et
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of 84 since this process would parallel our earlier work

on the cyclization of various ketoesters with stannic

chloride.

Tetronic acid, upon alkylation, is known to yield

principally o-alkyl derivatives
60,67

and hence the tradi-

tional method of preparing 3-alkyltetronic acids
58

entails

alkylation of acetoacetic ester, followed by bromination

of the y position and cyclization (Figure 40).

The above method has two drawbacks for a synthesis of

113. First, bromination of the ketoester in the presence

of olefinic functions contained within the R group could

lead to side products, and second, the requisite bromide

for this method would still have to be prepared by a rela-

tively tedious one carbon homologation of geranyl bromide.

In light of these potential problems, we chose to develop

a new approach to 3-alkyltetronic acids in which the tet-

ronic acid ring is constructed from a silyl ketene acetal

intermediate. Preparation of the desired ketene acetal re-

quired ester 117 which was prepared via the route outlined

in Figure 41.

Diethyl geranylmalonate (118) was prepared from ger-

anyl bromide (34) via the same procedure used by Barnard

and Bateman to obtain 118 from geranyl chloride. Geranyl-

acetic acid (119) was obtained by saponification of 118

followed by acidification and heating to 180° under nitro-

gen. The acid 119 was then converted via its chloride to



118

1) (COC1_)

2) CH
2
N
2

1) NaOH

2) ,A
C0 2H

2

119

120 117

Figure 41
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diazoketone 120 which gave 117 (80% yield from 119) upon

irradiation with a 450 Watt Hanovia medium pressure mercury

lamp in methanol. The Wolff rearrangement of diazoketones

to give carboxylic acid derivatives is usually effected

with silver oxide when it is the last step of an Arndt-Eis-

tert homologation sequence, 68 but we found that the photo-

chemical method described above resulted in higher yields,

a cleaner product, and a shorter reaction time.

Although 117 was thus available by a straightforward

synthetic route, it was felt prudent to develop the pro-

posed tetronic acid synthesis in a model system. For this

purpose, methyl 3-phenylpropanoate (121) was chosen.

Rathke has recently published a method outlined in

Figure 42, for preparing 3-ketoesters from acetic esters,

which depends upon the acylation of a silyl ketene aceta169
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The acetate ester is first converted to its enolate, which

is then quenched with t-butyldimethylsilyl chloride to give

a silyl ketene acetal of type 122. When 122 is treated

RCH2CO2Et

R'CH COC1
Et

3
N2

THE

1) LICA, HIMPA

2) tBuMe
2
SiC1

CO2Et

Figure 42

O
RCH=C-

M
'OSiMe tBu

122

H 0 H
2 ' RCH CO Et

u R'

123

with a mixture of an acyl chloride and triethylamine,

mixture of silyl enol ethers results. These are hydrolyzed

to the ketoester 123.

It was hoped that by employing chioroacetyl chloride

as the acylating agent, both the .-ketoester and y-halogen

functions could be introduced in one step. Accordingly,

121 was converted to silyl ketene acetal 124 using Rathke's---

procedure. In our hands, acylation of 124 failed with both
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acetyl chloride and chloroacetyl chloride. The failure

was thought to be due to steric hindrance. Rathke had ob-

tained high yields of the a-ketoester 123 only when R was

hydrogen or methyl, and when R' was relatively unhindered.

In a variation of this scheme, the trimethylsilylke-

tene acetyl 125a was prepared using a procedure published

by Ainsworth.
70 While similar to Rathke's method, this

avoids the unnecessary complication of removing the hexane

solvent from the butyllithium (used to generate the amide),

and specifies diisopropylamine to form the base instead of

the much more difficult to remove isopropyl cyclohexylam-

ine. Also, the more reactive trimethylsilyl chloride re-

acts with ester enolates without recourse to the hexamethyl-

phosphoramide (HMPA) which Rathke found necessary. The only

disadvantage attending the use of trimethyl instead of t-bu-

tyldimethylsily1 chloride for preparation of the ketene ace-

tal is the formation of a small amount of the C-silylated

product (less than five percent with the compounds employed

in this work). The trimethylsilyl derivative was acylated

readily, and the product was hydrolyzed on aqueous workup
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to give 126a.

To complete the formation of tetronic acid 128, a

mild cyclization procedure was sought. The literature 71

suggested treatment with dilute aqueous base as the method

of choice when a y-bromo--ketoester is to be cyclized to

a tetronic acid. However, when 126a was subjected to these

conditions, it underwent cleavage to 3-phenylpropanoic acid.

Apparently, the retro-claisen reaction competes effectively

in this case.

In searching for an alternative protocol, it was noted

that y-chloro-ft-ketomalonic esters, when refluxed briefly

in benzene with triethylamine, give good yields of dihydro-

furanones of type 127 (Figure 43).
72 These compounds are

readily hydrolyzed to the corresponding tetronic acids in

aqueous alcohol_. In practice, it proved necessary to re-

flux 126a with triethylamine in benzene for more than 20

hours to effect complete disappearance of starting material.
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However, the dihydrofuranone 129 was obtained in accept-

able yield and hydrolysis gave tetronic acid 128.

Et N
126a

128
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With a proven route to the 3-alkyltetronic acid in

hand, 117 was carried through an analogous acylation se-

quence to give 126b in 67% yield.

In this case, cyclization to the corresponding dihy-

drofuranone could not be effected by triethylamine, no

matter how long refluxing was continued. Disappearance

of starting material was very slow and the product was an

intractable tar. The probable cause of this unhappy out-

come became evident upon examination of the mechanism as-

sumed for the reaction (Figure 44). The first step is

abstraction of a proton to give a delocalized anion, which
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then undergoes intramolecular displacement of chloride to

form the dihydrofuranone. The malonic esters used in the

reference72 possess the added stabilization of the carb-

ethoxy group (R
1
). In the model series R

I
was a benzyl

group which did not significantly stabilize the anion, re-

sulting in prolonged reaction time. The same lack of sta-

bilizing influence is evident in 126b but 126b is also more

heat sensitive than 126a and simply decomposes under the

reaction conditions.

In contrast to the sluggish reaction of 126b in the

presence of triethylamine, the use of a stronger base, di-

azabicycloundecene (DBU) produced a strikingly different

result. After a few minutes at room temperature, crystals

of the hydrochloride of DBU precipitated from the benzene

solution, but to ensure complete reaction, the mixture was

left overnight. The resulting dihydrofuranone 130 was sur-

prisingly stable and could be isolated by column chromato-

graphy. Hydrolysis gave tetronic acid 113 in 80% yield

from 126b.
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As mentioned earlier, we considered the possibility

that 113 might be cyclized directly to the enol ether 115

(E=H) with a Lewis acid or 115 (E=Br) with a source of

bromonium ion. The latter possibility seemed remote, since

the electrophilic bromonium ion would be expected to attack

the electron rich enolic double bond. This proved to be

the case, as reaction of 113 with N-bromosuccinimide in

tetrahydrofuran gave a product that, according to its spec-

tral characteristics, was 131. In particular, the mass

spectrum showed a twin parent ion at 328 and 330 mass units,

while the nmr spectrum still showed both vinyl protons. The

lactone methylene group in the nmr spectrum of 113 is a

singlet at ,3 4.6, and was replaced by an AB quartet, centered

131
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at 6 4.6, and overlapping the vinyl region.

In an attempt to circumvent this problem the enol

acetate 132 was prepared from 113 with acetyl chloride and

pyridine in methylene chloride. Using this intermediate

it was our intention to form the A ring of 84 first and

then remove the acetate protecting group under acidic con-

ditions, prior to completing the tricyclic structure 115

(Figure 45).

H
+

132

QAc

(Br +) 0

115

Figure 45

When 132 was treated with N-bromosuccinimide as for

113, no reaction occurred, indicating that the acetate had

blocked reaction with the enolic double bond, and that

the brominating reagent was not sufficiently active to ini-

tiate cyclization of the olefin system. In an attempt to

increase the reactivity of the N-bromosuccinimide, two equi-

valents of trifluoroacetic acid were added to the reaction
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mixture. The result of this reaction was apparent from

a mass spectral analysis of the product which did not show

a bromine containing parent ion. The literature reports

on compounds containing the bromotrimethylcyclohexyl moiety

invariably cite parent ions which have retained bromine.

Apparently, the trifluoroacetic acid itself initiated cyc-

lization, leading to a mixture of isomers 133. The struc-

tures of the products were not determined conclusively,

primarily because the olefin isomers were not separable by

column chromatography, but the evidence for formation of

the monocyclic skeleton was reasonably strong. The mix-.

ture of materials showed a parent peak at 292 mass units,

and the nmr spectrum clearly showed both the acetate methyl

and lactone methylene protons. The nmr spectrum also show-

ed a pair of methyl absorptions between 6 1.2 and 1.3, and

several new absorptions between 6 4.4 and 4.8, while the

six proton signal appearing at 6 1.55 in 132 was gone com-

pletely.

133

Before exploring the other brominating systems dis-

cussed earlier, it was decided to treat 113 with a Lewis

acid, specifically stannic chloride, in an attempt to
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elaborate the desbromo skeleton 115 (E=H). This unexpec-

tedly brought to light a serious problem with respect to

our intended cyclization of the tetronic acid.

After treatment of 113 with stannic chloride in meth-

ylene chloride, the crude reaction mixture contained four

compounds as indicated by thin layer chromatography. All

of these were considerably less polar than 113, indicating

a significant change in the tetronic acid moiety. The

four compounds were separated by column chromatography and

were examined independently. The least polar substance

was clearly only partially cyclized, as indicated by the

presence of vinyl protons and methyls in the nmr spectrum.

Whatever reaction had taken place involved the tetronic

acid portion of the molecule, since the polarity change of

this compound was comparable to that evidenced by the other

products. The change was also reflected in the infrared

spectrum, which showed carbonyl peaks at 1750 and 1790 wave-

numbers, and the nmr spectrum, which showed the lactone

methylene protons to be non-equivalent. These changes paral-

lel those found in the remaining products, which are dis-

cussed below. Speculation concerning the structure of the

above material is deferred until after presentation of the

evidence concerning the other products.

The remaining three compounds were apparently fully

cyclized isomers of 113 as indicated by the lack of vinyl

and olefinic methyl signals in the nmr spectra. The lactone
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methylene protons had moved slightly upfield and had be-

come non-equivalent in each of these products. This indi-

cated either that the lactone ring had become disubstituted

with different groups or that the enol oxygen was attached

to a non-symmetric moiety as in 115 (E=H). The infrared

spectrum for all three compounds showed two strong bands

at about 1750 and 1790 wavenumbers, and no band from 1600-

1700 wavenumbers, where an enolic double bond would be ex-

pected to occur. The enolic OH bond of 115 had also dis-

appeared. Comparison of the infrared absorptions of these

three compounds with a known 3 3-disubstituted tetronic

acid
73 revealed strong similarities while the spectrum of

a known enol ether of a tetronic acid
67

did not.

Finally, for a more direct confirmation of the cycli-

zation mode of 113, the methyl enol ether 134 was prepared.

The literature provides two methods for preparing the enol

ethers of tetronic acids. The tetronic acids can be re-

fluxed with dimethyl sulfate and potassium carbonate in

acetone,
67 or, in the case of tetronic acids with no sub-

stituent at C-3, refluxing in an anhydrous alcohol with.

p-toluenesulfonic acid gives the corresponding o-alkyl com-

pound.
74 For our purpose ethereal diazomethane seemed more

convenient than the first method, while the second method

was reported to fail with 3-substituted tetronic acids,

giving only starting material. When methylation of 113 was

carried out with diazomethane, we were surprised to find
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that both the desired ether 134 and the dihydrofuranone

130, previously encountered as an intermediate in the syn.-

thesis of 113 were produced in a 60:40 ratio. Proof of

structure for 130 was obtained by a direct comparison of

spectra. This result would seem to indicate that 113 is

actually a mixture of the two tautomeric forms 113a and

113b (Figure 46). If both forms are present, they are pre-

sumably in rapid equilibrium, since the nmr spectrum shows

only a single peak for the lactone methylene group. Curi-

ously, no evidence for the tautomeric nature of this system

is reported by the authors who made enol ether 135 under

basic conditions, nor was any such behavior enocuntered in

the formation of enol acetate 132.

The enol ether 134 was obtained pure by chromatography

and a comparison of its nmr and infrared spectra was made

with those of each of the products from the stannic chlor-

ide cyclization of 113. This left little doubt that no

enol ether had been formed in the cyclization and led to

the conclusion that the three fully cyclized products pos-

sessed the 3,3-disubstituted tetronic acid structure 136.

Since four stereoisomers of 136 are possible, the fully

cyclized products obtained by stannic chloride catalyzed

cyclization of 113 are presumed to be stereochemical var-

iants based on 136. The data available do not permit spe-

cific configuration assignments, however. The partially

cyclized material is probably 137, since it exhibits the
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134
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133

130

same evidence of a 3,3-disubstituted structure, and re-

tains both a vinyl proton and two olefinic methyls.

136 137

75
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The failure of 113 to yield a structure with the

aplysistane skeleton prompted us to consider an alter-

native route outlined in Figure 39, proceeding through

the alcohol 114. This route appeared especially attrac-

tive since, with the modifications discussed before, it

could lead directly to the ring structure of 84. Unfor-

tunately, tetronic acids are very resistant to reduction,

and treatment of 113 with socium borohydride resulted only

in the recovery of starting material. This lack of reac-

tivity is most logically due to the acidity of the enol of

this structure which is, in fact, several orders of mag-

nitude greater than that of acyclic ketoesters,
75

and thus

results in formation of the stable anion 138. Sodium cy-

anoborohydride at pH 3 -4 also failed to reduce 113.

113
NaBH ,1 0

138

Successful reduction of the ketone carbonyl of 113

would seem to require that it first be blocked from enol

formation toward the lactone. Consequently, we turned our

attention to the third alternative in Figure 39 leading

through 104 or some variant such as 140. This is outlined

in more detail in Figure 47.
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104

Introduction of the exocyclic, conjugated double bond

in 84 requires an addition-elimination sequence based on

113. In principle the elimination could be affected di-
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rectly after addition to give 107, after reduction of 139

to 140, or even after cyclization of 140 to 141. The

actual strategy would be dictated by the nature of X and

of course, the stability of the intermediates 139, 140,

107 and 104. The earlier discovery that 113 reacts with

N- brcmosuccinimide to give 131 prompted investigation of

this route first. When elimination of hydrogen bromide

from 131 was attempted (_diazabicycloundecene in benzene

at room temperature), the product was an intractable,

highly polar material. The expected product 107 was pre-

sumed to be an extremely reactive species, and may have

polymerized under the reaction conditions. Dehydrobromin-

ation of 1,173-dicarbonyl systems similar to 107 is known

to be a difficult procedure.76

OH

SePh

+ HC1

PhSeC1

Figure 48
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Phenylselenyl chloride is reported to add to ketones via

their enols in a manner analogous to bromine, to give a-

phenylselenoketones, as in Figure 48.77

When 113 was treated with phenylselenyl chloride in

ethyl acetate ?? a rapid absorption of the reagent occurred

as evidenced by fading of the color, but the products were

complex and unidentifiable. On the assumption that the

strong acid generated in the reaction was causing decompo-

sition of product, the reaction was carried out in ether

at 0°C with an equivalent of pyridine added. Under these

conditions, the color of phenylselenyl chloride was again

absorbed rapidly and a precipitate of pyridine hydrochlor-

ide was formed. Removal of ether gave 139 in quantitative

yield. When a separation of 139 from small amounts of im-

purities (mostly unreacted selenium compounds) was attempt-

ed by column chromatography, the compound decomposed.

Phenylseleninic acid is eliminated readily from most

a-phenylselenylcarbonyl compounds when the latter are oxi-

dized with any of a variety of reagents, including hydro-

gen peroxide, m-chloroperbenzoic acid, and sodium perio-

date.
78 Hydrogen peroxide in particular, used in a two

phase system with methylene chloride at low (-20 to 0°C)

temperatures, is recommended for preparing alkylidene der-

ivatives of sensitive 1,3-dicarbonyl systems.
79

In our

hands, both the hydrogen peroxide and m-chloroperpenzoic

acid procedures gave a complex mixture of products. The
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presence of phenyl protons in the nmr spectrum even after

chromatographic separation of the products from phenyl-

selenic acid and diphenyl diselenide suggested that the

problem was due in part to re-addition of selenium species

to the sensitive enone structure of 107.

In the hope that elimination of phenylseleninic acid

from the a-hydroxy lactone 140b would result in a more

stable product (104), it was decided to attempt reduction

of 139 to 140b. Successful reductions of some a-phenyl-

selenoketones to the corresponding alcohols have been re-

ported
79

using borane-tetrahydrofuran or borane-dimethyl-

sulfide. The olefinic functions of 139 are susceptible

to hydroboration, so the hindered borane 9-borabicyclono-

nane (9-BBN), 55 which is reported to add slowly to double

bonds, was selected. However, the results obtained with

this reagent were totally unsatisfactory. Among other dis-

couraging features was the absence of vinyl protons in the

nmr spectrum of the crude product.

After the failure of the various routes in Figure 47

to produce useful results, the possibility of reducing 130,

an intermediate in the preparation of tetronic acid 113 was

considered (Figure 48). Reduction of 130 to 142 followed

by hydrolysis would in principle afford 114 and thus would

circumvent the resistance of tetronic acid 113 to reduction.

The dihydrofuranone 130 was quite stable and a small

amount of it was on hand from a preparation of 113 in which
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the hydrolysis had not gone to completion. A reduction

of'130 was carried out with 9-borabicyclononane, reputed

to be a highly selective reagent for effecting 1,2 reduc-

tions of conjugated dienones. Separation of products from

the crude reaction mixture proved very difficult, due to

the intractable nature of the alkyl boron compounds, neces-

sitating column chromatography. The first fraction that

was obtained showed no vinyl protons, indicating hydrobora-

tion of the olefinic portion of 130. A later mixed frac-

tion contained the unsaturated lactone 143, along with the---

alcohol 114. When the mixture was rechromatographed in or-

der to separate these compounds, only 143 was obtained, in-

dicating that 114 was easily dehydrated to 143. However,
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the preparation of 114, even though in modest yield, would

afford a precursor suitable for cyclization and would

thereby afford a substance with the dihydroaplisistane

structure. These and other studies will be the subject of

future investigations.

The stated objective of this research--a synthesis of

84--has not been realized, but considerable progress has

been made toward the development of routes to an appropri-

ate precursor. One of these routes may yet be brought to

a successful conclusion.

Finally, it should be noted that a novel and efficient

synthesis of alkyl tetronic acids was developed in the

course of this work which is more versatile than any of the

traditional methods and offers advantages over more recent-

ly developed ones with respect to applicability, and conven-

ience.
80,81
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EXPERIMENTAL

General

Melting points were determined on a Kofler hot stage

melting point apparatus and are corrected. Infrared (ir)

spectra were obtained with a Perkin-Elmer 137 or 7278

spectrophotometer. Nuclear magnetic resonance (nmr) spec-

tra were obtained with a Varian EM-360, EM-360A, or HA-100

spectrometer and are reported in cS units with tetramethyl-

silane as standard. Coupling constants (J) are given in

Hertz; s=singlet, d=doublet, t=triplet, q=quartet, m=multi-

plet. Exact mass determinations were made using a CEC-10313

spectrometer. All thin layer chromatography (tic) was per-

formed on Merck precoated silica plates. Unless otherwise

specified, column chromatography was performed with a 20-

30:1 ratio of activity II silica gel to compound. Triethyl-

amine, pyridine, and diisopropylamine were dried by distil-

lation from barium oxide. Methanol used in the photolysis

experiments was dried by distillation from magnesium meth-

oxide. Ether and tetrahydrofuran were dried by distilla-

tion from lithium aluminum hydride. Methylene chloride

and pentane were washed with sulfuric acid followed by wat-

er, then distilled from phosphorus pentoxide. Unless other-

wise noted, organic solutions resulting from experimental

workups were dried by stirring briefly over anhydrous mag-

nesium sulfate, then filtering.



84

Methyl 3-0xo-7-methyloct-6-enoate (25)

A 50% mineral oil suspension of sodium hydride (5.3

g, 0.11 mole). was placed in a flame dried, 100 mL 3 neck

flask equipped with a reflux condenser, flushed with nitro-

gen, and rinsed twice with 50 mL portions of pentane to

remove mineral oil. Dimethyl carbonate (11.2 mL, 12.0 g,

0.1 mole) and an equal volume of dry ether were added, and

the suspension was stirred magnetically and heated to re-

flux. 6-Methylhept-5-ene-2-one (7.5 mL, 6.3 g, 0.05 mole)

was added dropwise. After ca. 2 mL were added, addition

was stopped until steady hydrogen evolution was observed,

then the remainder was added very slowly (ca. 3 h). The

reaction mixture was refluxed for 2 h after addition was

complete, then allowed to stand overnight at room temper-

ature. The mostly solid mass was cooled in an ice bath,

and a solution of methanol (10 mL) in ether (50 mL) was

added. The reaction mixture was broken up carefully with

a stirring rod and then stirred magnetically for 2 h. The

resultant suspension was poured onto a mixture of ice (ca.

80 g) and concentrated hydrochloric acid (20 mL). The a-

queous layer was extracted twice with equal volumes of

ether and discarded. The combined ether layers were washed

with saturated aqueous sodium bicarbonate, dried, and evap-

orated. The residue was distilled in vacua. The fraction

boiling from 55-70°C (1.5 tort) weighed 6.0 g (65%) and
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was essentially pure 25: ir (film) 2970, 2930, 1750, 1720,

1650, 1630 cm-1 ; nmr (CDC1
3

) 6 1.55 (3H, s), 1.65 (3H, s),

1.8-2.8 (4H, m), 3.45 (2H, s), 3.75 (3H, s), 4.95 (1H, m).

This material was identical to material prepared by Casey's

method.
17

2-Carbomethoxy-3,3-dimethylcyclohexanone (27)

Stannic chloride (0.95 mL, 2.1 g, 8.1 mmol) was add-

ed to a cooled (ice bath) stirred solution of 25 (10 g,

5.4 mmol) in methylene chloride (35 mL). After addition,

the cooling bath was removed and the solution stirred for

12 h at room temperature. The solution was then diluted

with twice its volume of ether, washed four times with 50

mL portions of 5% hydrochloric acid and once with water,

dried, and evaporated. The crude product was chromato-

graphed (activity II silica gel, 5% ether in pentane) to

give 0.73 g (73%) of 27: ir (film) 2960, 1750, 1710 cm-1;

nmr (CDC1
3

) 6 1.0 (3H, s), 1.1 (3H, s), 1.2-3.1 (6H, m),

3.2 (1H, s), 3.65 (3H, s); mass spectrum (M ) 184.

Methyl 3-0xo-7-methyl-6,7-epoxyoctanoate (29)

To a stirring solution of 26 (1.00 g, 5.6 mmol) in

methylene chloride (40 mL) was added m-chloroperbenzoic

acid (1.28 g; 85% purity, 6.4 mmol). After a few minutes,

a precipitate of m-chlorobenzoic acid began to form. Reac-
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tion was complete after 1 h. The solution was diluted with

ether (100 mL) and extracted twice with 80 mL portions of

10% aqueous sodium carbonate. The organic layer was dried

and evaporated to give 1.09 g (100%) of 29: ir (film) 1740,

1720 cm-1 ; nmr (CDC1
3

) 6 1.3 (6H, s), 1.75 (2H, m), 2.5-2.9

(3H, m) 3.5 (2H, s), 3.7 (3H, s); mass spectrum (e) 200.

Reaction of 29 with Stannic Chloride

A solution of 29 (1.0 g, 5 mmol) in methylene chloride

(60 mL) was cooled in a Dry ice-acetone bath to -70°C. Stan-

nic chloride (15 ';IL, 33 mg, 0.13 mmol) was added, and the

solution was stirred for 1 h. The methylene chloride so-

lution was diluted with ether (100 mL) and washed twice

with 5% hydrochloric acid, then once with water. After

drying and evaporation of solvent, the residue weighed 840

mg. This was chromatographed (activity II silica gel, 1:1

ether-petroleum ether) to give 177 mg (18%) of 31: ir

(film) 3450, 2970, 1735 cm -1; nmr (CDC13) (major isomer)

1.10 (3H, s), 1.22 (3H, s), 2.05 (4H, m), 2.75 (1H, broad

s), 2.82 (1H, s), 3.68 (3H, s), 3.88 (1H, m); mass spectrum

(le) 200, and 448 mg (45%) of 30: ir (film) 3500, 1730, 1680

cm
-1

; nmr (CDC1
3

) 6 1.20 (3H, s), 1.34 (3H, s), 1.84-2.20

(2H, m), 2.58 (1H, broad s), 2.7-3.4 (2H, m), 3.68 (3H, s),

4.27 (1H, d of d), 5.36 (1H, t., J=1Hz) ; mass spectrum (M+)

200.
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Geranyl Bromide (34)

Geranyl bromide was prepared according to Eschenmoser's

procedure: 8 ir (film) 1650, 1195 cm
-1

; nmr (CDC13) 5 1.59

(3H, s), 1.70 (3H, s), 1.74 (3H, s), 2.05 (4H, d, J=4Hz),

4.00 (2H, d, J=8Hz), 5.05 (1H, m), 5.50 (1H, t, J=8Hz).

13-Cyclogeranyl Bromide (35)

3-Cyclogeranyl bromide was prepared from 13-.cyclogeran-

iol (37)
22

by the same procedure used to prepare geranyl

bromide (34): ir (film) 1640 cm-1; nmr (CC14) 5 1.08 (6H,

s), 1.70 (3H, s), 3.97 (2H, s).

Methyl 3-0xo-7,11-dimethyldodeca-6,10-dienoate (39)

In a flame dried 200 mL three neck flask fitted with

a nitrogen inlet and rubber septum, sodium hydride (2.70

g of 50% mineral oil dispersion, 56.3 mmol). was stirred

in 120 mL of dry tetrahydrofuran, and the mixture was cool-

ed in an ice bath. Methyl acetoacetate g, 50.5 mmol)

was added dropwise and the mixture was stirred for an addi-

tional 10 minutes. Butyllithium (23 mL of 2.4M solution,

55 mmol) was slowly added, and the resultant solution was

stirred in the ice bath. for 10 minutes. Geranyl bromide

(34, 12.1 g, 55.7 mmol) was added in one portion, and the

mixture was stirred at room temperature for 20 minutes. A

solution of concentrated hydrochloric acid (10 m1,) in water
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(25 mL) was added carefully, followed by ether (50 mL).

The organic layer was separated and washed with three 50

mL portions of water, then dried and evaporated, leaving

15.7 g of an oil. Distillation afforded 8.6 g (61%) of

39: by 140-144°C (0.6 torr); it (film) 1748, 1718 cm-1;

nmr (CDC1
3

) 6 1.60 (6H, s), 1.67 (3H, s), 2.0 (4H, m),

2.4 (4H, m), 3.44 (2H, s), 3.74 (3H, s), 5.1 (2H, m); mass

spectrum (M+) 252.172 (calc for C15 H 03: 252.173).

Methyl 3-0xo-5-(2,6,6-trimethylcyclohexen-l-y1)pentanoate (40)

Ketoester 40 was prepared from 35 by the procedure used

for 39 and had by 118-125°C (0.3 torr)_; it (film) 1745, 1710,

1650 cm-1 ; nmr (CDC13) 5 1.00 (6H, s), 1.57 (3H, s), 2.2-

2.75 (4H, m), 3.32 (2H, s), 3.73 (3H, s); mass spectrum (M+)

252.171 (calc for 15H2403; 252.173).

2-Carbomethoxy-1,7,7-trimethylbioyclo[4.4.0idecan-3-one (33)

A solution of 39 (5.10 g, 20.2 mmol). in methylene chlor-

ide (60 mL) was cooled by stirring in an ice bath under ni-

trogen. Stannic chloride (2.5 mL, 5.6 g, 21 mmol) was add-

ed and the solution was stirred for 30 minutes at 0°C, fol-

lowed by 20 h at room temperature. The mixture was washed

with three, 20 mL portions of 10% aqueous hydrochloric acid

and one of brine, then dried and evaporated to give 5.0 g

of crude product. This was chromatographed (activity II

silica gel, gradient 10-50% ether in petroleum ether) to
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give 3.47 g (68%) of 33: mp 83-84.5°C (lit8 83.5-84°C);

it (Nujol) 1754, 1715 cm-I; nmr (CDC13) cS 0.90 (3H, s)

0.97 (3H, s), 1.15 (3H, s), 1.2-2.3 (9H, m), 2.43 (2H, m),

3.22 (1H, s), 3.70 (3H, s); mass spectrum (e) 252.171

(calc for C H 015-24-3 252.173). When 40 was subjected to

the same conditiOns, a 70% yield of 33 was obtained.

2-Hydroxymethy1-3-hydroxy-1,7,7-trimethyl-

bicyclo[4.4.0]decane (.43)

To a stirring solution of 33 (2.21 g, 8.74 mmol), in

dry ether (50 mL) cooled in an ice bath, was added lithium

aluminum hydride (.0.312 g, 8.23 mmol). After stirring for

1 h at 0°C and 2 h at room temperature, the reaction was

quenched by addition of saturated aqueous potassium sodium

tartrate and filtered. The residue was refluxed in tetra-

hydrofuran for 3 h, which was then concentrated and added

to the filtrate. This was dried and evaporated to give

33 (.1.92 g, 97%): it (nujol) 3200 cm-1; nmr (CDC1 cS 0.9

(9H, m), 1.7 (12H, m), 2.12 (2H, m), 3.9 (3H, m).

2-p-Toluenesulfonyloxymethy1-8-hydroxy-1,7,7-tri-

methylbicyclo[4.4.0jdecane (44)

Diol 43 (3.83 g, 17 mmol) was stirred in pyridine (60

mL) and the solution was cooled in an ice bath. p-Toluene-

sulfonyl chloride (3.5 g, 10 mmol) was added with. stirring,
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then the solution was stored 18 h at 0°C after which it

was poured over ice (100 g). The aqueous slurry was ex-

tracted with two 75 mL portions of ether and discarded.

The combined extracts were washed repeatedly with 5% a-

queous copper sulfate until the washings remained light

blue, then dried and evaporated to give 5.3 g (82%) of

44: ir (film) 3484, 3335, 1597 cm
-1

; nmr (CDC1
3

) S 0.9

(9H, m), 1.6 (12H, m), 2.4

broad s), 7.5 (4H, m).

(3H, s), 4.1 (3H, m), 4.9 (IH,

2-p-Toluenesulfonyloxymethy1-1,7,7-trimethyl-

bicyclo[4.4.0]decan-3-one (45)

A solution of 44 (5.3 g, 14 mrnol) in acetone (100

mL) was titrated with Jones' reagent until an orange color

persisted, and then was stirred for 30 minutes longer.

The acetone was removed on the rotary evaporator at room

temperature and then water (50 mL) was added. The result-

ing suspension was extracted with three 40 mL portions of

ether. The combined extracts were dried and evaporated

leaving 5.41 g of crude 45: ir (film) 1709, 1595 cm-1.

2-Methylene-1,7,7-trirnethylbicyclo[4.4.0]decan-3-one (41)

To a solution of 45 (entire crude product from pre-

vious reaction) in benzene (100 mL) was added 1,5-diaza-

bicyclo[5.4.0]undec-5-ene (2.2 g, 14.5 mmol). The resulting
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solution was left at room temperature for 17 h, washed

with three 50 mL portions of water, dried and evaporated.

The residue was chromatographed (Florisil, benzene) to

give 2.15 g (76% from 44) of pure 41: ir (film) 1700,

1620 cm -l; nmr (CC1
4

) cS 0.9 (3H, s), 0.95 (3H, s), 1.0

(3H, s), 1.1-2.8 (11H, m), 4.9 (1H, d), 5.4 (1H, d); mass

spectrum (Mt: 206.166 (calc for C14H220: 206.167).

2-(2-Carbomethoxy-3-oxobuty1)-1,7,7-trimethyl-

bicyclo[4.4.0]decan-3-one (46)

A solution prepared from 41 (100 mg, 0.48 mmol) in

methanol (0.5 mL) was added dropwise over the course of

3 h to a solution of methyl acetoacetate (60 pL, 64 mg,

0.55 mmol) in 0.1N methanolic sodium methoxide (1 mL) with

stirring. The resulting solution was left at room temp-

erature for 5 h, then neutralized by the addition of 5%

aqueous ammonium chloride (..a mL). Most of the methanol

was removed at room temperature on the rotary evaporator,

then the aqueous suspension was extracted with two, 5 mL

portions of ether. The combined ether extracts were dried

and evaporated, and the crude product was chromatographed

(activity II silica gel, 20% ether in petroleum ether) to

give 110 mg (70%) of 46 as a mixture of epimers: ir (_film)_

1750, 1710 cm-1 ; nmr (CC1
4
1 cS 0.75 (3H, s), 0.88 (3H, s),

0.98 (3H, s), 2.10-2.23 (3H total, 2s1, 3.4 (1H, m), 3.65,



92

3.70 (3H total, 2s); mass spectrum (NI+) 322.214 (calc for

C
19

H
30

0
4

: 322.214).

8(14)
A -Podocarpen-13-one (48)

A solution prepared from 41 (100 mg, 0.48 mmol) in

methanol (0.5 mL) was added dropwise over the course of

3 h to a solution of methyl acetoacetate (60 uL, 64 mg,

0.55 mmol) in 0.1N methanolic sodium methoxide (1 mL) with

stirring. After standing 16 h at room temperature, the

mixture was treated with 5N aqueous sodium hydroxide (0.25

mL). The resultant solution was stirred for 90 minutes,

then most of the methanol was removed, and water (.5 mL)

was added. The aqueous solution was extracted with ether

(5 mL), chilled to 0°C and acidified with 5N hydrochloric

acid to pH 1. The suspension was extracted with two 5 mL

portions of ethyl acetate, which were combined, dried and

concentrated at room temperature on the rotary evaporator.

The semicrystalline residue of ketoacid 47 was unstable

and was consequently converted directly to 48 by heating

to 80°C under a pressure of 0.1 torr for 2.5 h. The crude

product was chromatographed (_activity II silica gel, 10%

ether in petroleum ether) to give 60 mg (50%)_ of 48: mp

90.5-91.5 C°(1it23 92.5-93.5°C); it (nujol) 1680, 1630

c-1m ; nmr (CDC1
3

) S 0.80 s), 0.90 (3H, sl, 0.95 (3H,

s), 1.2-1.7 (16H, m), 5.85 (1H, broad m); mass spectrum

(e) 246.199 (calc for C17H260: 246.198)_.
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3-(3-0xo-1,7,7-trimethylbicyclo[4.4.0]

decan-2-yl)propanoic Acid (55)

A solution of 41 (110 mg, 0.53 mmol) in ethanol (1

mL) was added dropwise during a 2 h period to a solution

of diethyl malonate (90 95 mg, 0.59 mmol) in 0.1N e-

thanolic sodium ethoxide (1 mL). After standing for 14 h,

the above solution was treated with 6N sodium hydroxide

(0.25 mL) and stirred for 6 h. The mixture was diluted

with water (5 mL) and extracted with two 5 mL portions of

ether. The aqueous solution was acidified with concentrat-

ed hydrochloric acid and extracted with two 5 mL portions

of ethyl acetate. The combined extracts were dried and

evaporated, leaving the crude diacid as a glass. This

was heated to 140-150°C under a nitrogen atmosphere for 60

minutes to give (after recrystallization from ether-hexane)

110 mg (75%) of 55: mp 130-132°C; it (film). 3700-2400 cm-1;

nmr (CDC13) 6 0.70 (3H; s), 0.85 (_3H, s)0.96 (3H, -), 1.0-

2.8 (16H, m), 10.5 (1H, broad s); mass spectrum (11+) 266.187

(talc for C
16

H
26

0
3

: 266.188).

Methyl 3-0xo-5-hydroxy-5-( 2,6-trimethylcyclollexen-l-y1)-

pentanoa.te (65)

A suspension of sodium hydride (1.06 g of 50% mineral

oil dispersion, 22 mmol) in dry tetrahydrofuran (60 mL). in
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a flame dried, 100 mL three neck flask was flushed with

nitrogen and cooled by stirring in an ice bath. Methyl

acetoacetate (2.4 mL, 2.6 g, 22 mmol) was added dropwise

through an addition funnel, following which the reaction

mixture was stirred for 10 minutes. Butyllithium (9.2 mL

of 2.4M solution, 22 mmol) was added slowly (ca. 60 sec-

onds) via syringe, and the resultant solution was stirred

10 minutes more. To this solution, 8-cyclocitral (3.4 g,

22 mmol) was added in one portion, after which the ice

bath was removed and the reaction was stirred at room tem-

perature for 60 minutes. Excess 10% ammonium chloride

was carefully added. The aqueous layer was separated and

washed twice with an equal volume of ether. The combined

organic layers were dried and evaporated, leaving the crude

product as a yellow liquid. This was chromatographed (ac-

tivity II silica, 1:1 ether-petroleum ether) to obtain 4.4

g (75%) of pure alcohol which solidified after standing

overnight in the refigerator: it (film) 3550, 1710, 1750

cm
1

; nmr (CDC1
3

) 0.94 (3H, s), 1.1 (3H, s), 1.1-2.1 (6H,

m), 1.84 (3H, s), 2.55 (1H, broad s, exchanges with D20),

2.5-3.5 (2H, m), 3.54 (2H, m), 3.54 (2H, s), 3.74 (3H, s),

4.75-4.90 (1H, broad d, changes to d of d after treatment

with D20); mass spectrum (M+ - H20) 250.155 (.calc for

C
15
H
22 3*

0 250.157).
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Reaction of 65 with Stannic Chloride

A solution of 65 (135 mg, 5 mmol) in methylene chlor---

ide (3 mL) was cooled by magnetic stirring in an ice bath.

To this was added stannic chloride (60 uL, 130 mg, 5 mmol),

which produced a dark brown color. After 5 minutes, the

reaction was stopped by adding 2 mL of 1N hydrochloric acid,

followed by 5 mL of ether. The mixture was stirred for se-

veral minutes, then the aqueous layer was separated and ex-

tracted repeatedly with ether. The ether layers were com-

bined and washed with three 5 mL portions of 1N hydrochlor-

ic acid, followed by water, then dried and evaporated, leav-

ing 127 mg of crude product. This was chromatographed (ac-

tivity II silica, gradient 10-100% ether-petroleum ether)

to yield, in order of elution, 24E (16 mg, 13%): uv (95%

ethanol) X max 285 nm, e 5800; ir (film) 1750, 1715, 1655,

1635, 1590, 1450, 1395, 1235, 1150 cm
-1

; nmr (CDC13) 8 1.07

(6H, s), 1.1-1.8 (4H, m), 1.76 (3H, s), 2.04 (2H, m), 3.58

(2H, s), 3.72 (3H, s), 6.14 (1H, d, J-16Hz), 7.32 (1H, broad

d, J=16Hz) (chemical shifts reported are for the keto tau-

tomer only; some enol is also present); mass spectrum (M+)

250.156 (calc for C102203. 250.157), 66 (20 mg, 16%): uv

(methanol) X max 323 nm, e 26,500; ir (film) 1740, 1660,

1595, 1440, 1210, 1120, cm-1 ; nmr (CDC13) 8 .06 (3H, s),

1.11 (3H, s), 1.36 (3H, s), 1.2-2.3 (6H, m), 3.10 (2H, s),

3.70 (3H, s), 5.20 (1H, d, J=6Hz), 5.73 (1H, d, J =6Hz); mass
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spectrum

23b (13.2

(M+) 250.158 (calc for C15H2203: 250.157), and

mg, 11%): ir (film) 1755, 1675, 1475, 1435,

1265, 1195, 1015, 910, 730 cm-1 ; nmr (CDC13) 6 1.17

s), 1.20 (3H, s), 1.35 (3H, s), 1.2-2.0 (6H, m),

(2H, m), 3.52 (1H, s), 3.75 (3H, s), 6.65 (1H, t);

spectrum (Mt) 250.

1340,

(3H,

2.98

mass

Reaction of 65 with p-ToluenesUlfonic Acid

To a stirred solution of 65 (153 mg, 0.57 mmol) in

15 mL of dry methylene chloride was added p-toluenesulfonic

acid (2 mg). This mixture was stirred for 60 minutes at room

temperature, after which no starting material was visible

by tic. The methylene chloride solution was diluted with

30 mL of ether and rinsed twice with 30 mL portions of

water. The organic solution was dried and evaporated to

give 104 mg of crude product which partially crystallized

after standing overnight in the refrigerator. Triturating

this with ether removed the non-crystalline material which

contained a mixture of 24E, 66 and 23b as determined by

tic. The remainder weighed 80 mg and was assigned struc-

ture 67: ir (Nujol) 1660 (shoulder at 1650), 1580, 1455,

1370, 1290 cm 1; nmr (CDC13) 6 0.98 (3H, s), 1.12 (3H, s),

1.2-1.7 (4H, broad m), 1.75 (3H, s), 2.05 (2H, broad t),

2.5-3.8 (4H, m), 5.2 (1H, d of d). Mass spectrum (Mt)

236.140 (calc for C14H20 236.141).
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Methyl 3-0xo-5-acetoxy-5-(2,2,6-trimethyl-

cyclohexen-l-yl)pentanoate (75)

A solution of 65 (281 mg, 1.05 mmol) in methylene

chloride (5 mL) was cooled by stirring in an ice bath.

Pyridine (100 uL, 100 mg, 1.2 mmol) was added, followed

by acetyl chloride (78 pL, 87 mg, 1.1 mmol). This pro-

duced a precipitate which gradually dissolved when the ice

bath was removed. The reaction mixture was stirred for 25

h at room temperature. The solution was diluted with ether

(10 mL), washed twice with water, dried and evaporated to

give 185 mg of crude material. This was chromatographed

to give 260 mg (80%) of 75: nmr (CDC13) 1.02 (3H, s),

1.16 (3H, s), 1.78 (3H, s), 2.0 (3H, s), 1.3-2.4 (6H, broad

m), 2.7-3.3 (2H, m), 3.52 (2H, s), 3.76 (3H, s), 5.92 (1H,

d of d).

E Methyl 3-0xo-5- (2,2,6-trimethyl-

cyclohexen-l-yl)pent-4-enoate (24E), Method A

The acetate 75 (79 mg, 0.25 mmol) was dissolved in

toluene (3 mL) containing triethylamine (40 pL, 29 mg, 0.29

mmol) and the solution was refluxed under nitrogen for 90

minutes. This resulted in complete disappearance of the

starting material and formation of one product. The solu-

tion was cooled, diluted with ether, washed with water,



98

dried, and evaporated to give 63 mg (100%) of 24E: identi-

cal to the material obtained above from the reaction of 65

with stannic chloride.

E Methyl 3-0xo-5-(2,2,6-trimethyl-

cyclohexen-l-yl)pent-4-enoate (24E), Method B

A 50% mineral oil suspension of sodium hydride (10.5

g, 0.23 mole) was placed in a flame-dried, 200 mL three

neck flask equipped with a condenser, magnetic stirrer and

dropping funnel with drying tube, and flushed with nitro-

gen. The sodium hydride was rinsed under nitrogen with

pentane to remove mineral oil, and dimethyl carbonate (22.5

mL, 24 mg, 0.27 mole) was added. This suspension was

stirred and heated to gentle reflux. 8-ionone (20.5 mL,

20 g, 0.1 mole) was placed in the dropping funnel and a-

bout 3 mL was added dropwise to the suspension. After a

few minutes, hydrogen began to evolve smoothly. The re-

mainder of the 8-ionone was added very slowly (3 h), while

refluxing was maintained. Stirring was continued until the

reaction mixture solidified during the addition. After all

the8-ionone was added, heating was continued for 2 h after

which hydrogen evolution had almost ceased. The mixture

was allowed to stand for 3.5 h at room temperature, then 5

mL of methanol in benzene was added and the mixture stirred

magnetically for 45 minutes. The solution and undissolved

solids were poured onto 50 g of ice and 10 mL of concen-
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Crated hydrochloric acid. Ether (about 200 mL) was added

and the mixture was agitated. A further quantity of hydro-

chloric acid was added to make the aqueous layer acidic to

litmus. The ether layer was washed with water and satur-

ated sodium bicarbonate, dried and evaporated, leaving 26

g (100%) of crude product. Chromatography (ether-petroleum

ether 1:1, activity II silica) gave 20 g (80%) of pure 24E:

identical with the material prepared by method A.

2E and 2Z, 4E Methyl 3-(Trimethylsiloxy)-5-

(2,6,6-trimethylcyclohexen-l-yl)penta-3,4-dienoate (71)

To a solution of 24E (100 mg, 0.4 mmol) in 5 mL of

dry ether was added a solution prepared from chlorotri-

methylsilane (260 iL, 202 mg, 2 mmol) and 15 mL of dry

ether. The resultant slurry was stirred magnetically in

a sealed flask for 2 h. The solvent was removed in vacuo.

The produce was separated from triethylamine hydrochloride

by extraction with pentane. The pentane was filtered and

evaporated, giving 130 mg (_100%) of pure silyl enol ether

71. The nmr spectrum showed both isomers of enol double

bond to be present: nmr (CC14) 6 0.2 (9H, d), 1.3 (6H, d),

1.2-1.7 (4H, d), 1.7 (3H, d), 2.0 (2H, broad d), 3.55 (3H,

s), 4.95 (1H, d), 5.6-7.4 (2H, m). Shift values are ap-

proximate since THIS standard was external.



100

Irradiation of Silyl Enol Ether 71

A solution of 71 (125 mg, 0.38 mmol) in pentane

(20 mL) in a pyrex flask equipped with reflux condenser

and nitrogen inlet was irradiated with a 250 Watt G.E.

sunlamp for 22 h. The solution was allowed to reflux, thus

maintaining a temperature of 35°C. The pentane was evap-

orated to give 125 mg (100%) of 76 as a mixture of isomers:

nmr (CC14) 6 0.3 (9H, d), 1.1 (6H, d), 1.2-1.9 (4H, m), 2.3

(2H, broad t), 3.0-3.8 (2H, m), 3.7 (3H, d), 4.7-5.5 (4H, m).

2E and 2Z, 4E Methyl 3-Acetoxy-3-(2,6,6-trimethyl-

cyclohexen-l-yl)penta-3,4-dienoate (72E and 72Z)

To a stirred solution of 24E (1.0 g, 4 mmol) in pyri-

dine (15 mL) was added acetic anhydride (2.4 mL, 2.6 g,

25 mmol). This mixture was stirred for 18 h, then poured

over ice (75 g) and concentrated hydrochloric acid (16 mL).

The resulting emulsion was extracted twice with 50 mL por-

tions of ether. The combined ether extracts were washed

with 1N hydrochloric acid (25 mL), water (25 mL), and 3

times with saturated sodium bicarbonate, then dried and

evaporated. The crude produce weighed 1.25 g. The two

product isomers were separated by chromatography (activity

II silica gel, 10% ether-petroleum ether) to give 620 mg

(53%) of 72E and 420 mg (36%) of the 2 isomer, as well as
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a small fraction containing both isomers (70 mg, 6%). E

isomer: nmr (CDC13) 6 1.06 (6H, s), 1.78 (3H, s), 2.25

(3H, s) 1.2-2.2 (6H, m), 3.74 (3H, s), 5.55 (1H, s), 6.6

(1H, broad d, J=16Hz), 7.4 (1H, d, J=16Hz). Z isomer: nmr

(CDC1
3

) 6 1.01 (6H, s), 1.72 (3H, s), 2.36 (3H, s), 1.2-

2.2 (6H, m), 3.74 (3H, s), 5.64 (1H, s), 6.0 (1H,.d, J=16Hz),

6.2 (1H, d, J=16Hz). Both isomers: ir (film) 1775, 1720,

-1640, 1460, 1435, 1365, 1230, 1200, 1150, 1130, 1035 cm 1
;

mass spectrum (M+) 292.167 (calc for Ci7H2404: 292.167).

2E and 2Z, 4E Methyl 3-Acetoxy-5-(2-methylene-6,6-

dimethylcyclohex-1-ylidene)penta-2,4-dienoate (78E and 78Z)

Solutions of 72E (620 mg, 2.12 mmol) and 72Z (420 mg,

1.44 mmol) in 180 mL of pentane were each irradiated for

1 h with a Hanovia 450 Watt mercury lamp through Pyrex.

In each case a similar mixture of 78E and 78Z resulted.

Evaporation of the solvent gave in each case a 100% yield

of crude product. The mixtures from the two reactions were

combined and the isomers of 78 were separated by chromato-

graphy (activity II silica gel, 10% ether-petroleum ether)

to give 528 mg (51%) of 78E and 323 mg (31%) of 78Z, along

with 150 mg of a mixture of E and Z isomers. E isomer: ir

(film) 1770, 1730, 1660, 1435, 1370, 1355, 1200, 1105, 1080,

1030, 900 cm-1 ; nmr (CDC1
3

) 6 1.03 (6H, s), 1.34-1.82 (4H,

m), 2.16 (3H, s), 2.19 (2H, broad t), 3.73 (3H, s) 3.75
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(2H, d), 5.04 (1H, m), 4.61 (1H, d), 5.17 (1H, t, J=7Hz),

5.68 (1H, s); mass spectrum (e) 292.168 (calc for C17H3404:

292.197). Z isomer: ir (film) 1775, 1730, 1670, 1415, 1570,

1280, 1165, 1110, 1030 cm 1; nmr (CDC13) 6 1.06 (6H, s),

1.1-1.82 (4H, m), 2.18 (2H, broad t), 2.25 (3H, s), 3.14

(2H, d of d, J=2Hz), 3.69 (3H, s), 4.63 (1H, d, J=3Hz), 5.01

(1H, m), 5.25 (1H, t, J=7Hz), 5.58 (1H, t, J=2Hz); mass

spectrum (Mt) 292.168 (calc for C17H2404; 292.167).

Methyl 3-Acetoxy-5-(2-methylene-6,6-dimethyl-

cyclohex-1-ylidene)pent-3-enoate (79)

To a solution of 78E (100 mg, 0.4 mmol) in ether (1mL)

was added triethylamine (20 TL, 14 mg, 0.14 mmol) and the

mixture was stirred for 21 h. Evaporation of the solvent

and triethylamine in vacuo gave 100 mg (100%) of a mixture

containing approximately 95% of 79 and 5% of 78E. Recrys-

tallization from hexane gave 60 mg of 79 as colorless need-

les: mp 80-82.5°C; ir (film) 1760, 1740, 1375, 1215, 1110

cm 1; nmr (CDC1
3

) 6 1.06 (6H, s), 1.25- 2.85'(4H, m), 2.24

(2H, broad t), 3.33 (2H, s), 3.72 (3H, s), 4.72 (1H, d, J=

3Hz), 5.08 (1H, m), 5.92 (1H, d, J=10Hz), 6.23 (1H, d, J=

10Hz); mass spectrum (M+) 292.168 (calc for Cl7H2404:

292.167. On heating 78Z with triethylamine in refluxing

toluene for 60 minutes, a mixture containing 60% (by nmr)

of 79 was formed.
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1,7,7-Trimethy1-3-carbomethoxymethy1-2-

oxabicyclo[4.4.0]deca-3,5-diene (66)

A solution of 24E (500 mg, 2 mmol) and triethylamine

(280 uL, 103 mg, 2 mmol) in 180 mL of pentane-methylene

chloride (4:1) was irradiated for 1 h. with a 450 Watt

Hanovia lamp through Pyrex. The solvent and triethylamine

were removed by evaporation to give 500 mg <100%) of pure

66: identical to the material obtained above from the

reaction of 65 with stannic chloride.

Methyl 3-0xo-5-(2-methylene-6,6-dimethyl-

cyclohex-1-ylidene)pentanoate (77)

A solution of 24E (500 mg, 2 mmol) in dry methanol

(180 mL), was irradiated for 1 h with a 450 Watt Hanovia

lamp through Pyrex. The solvent was removed on the rotary

evaporator, and the residual oil was chromatographed (ac-

tivity II silica gel, 10% ether-petroleum ether) to give

77 (.300 mg, 60%): it (film) 1750, 1720, 1660, 1630, 1440

-
cm

1
; nmr (CDC1

3
) 6 1.06 (6H, s), 1.1-1.9 (4H, m), 2.18

(2H, broad t), 3.41 (2H, d, J=7Hz), 3.48 (2H, s), 3.76 (3H,

s), 4.55 (1H, d, J=3Hz), 5.02 (1H, m), 5.38 (1H, t, J=7Hz).

Further elution gave 24E (6%), 66 (7%), and 23b (8%).
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2-Carbomethoxy-3-oxo-1,7,7-trimethylbicyclo [4.4.0 ]dec-4-

ene (23a) and 2-Carbomethoxy3-oxo-1,7,7 -tri-H

methylbicyclo[4.4.0]dec-5-ene (23b)

A dilute solution of sodium methoxide was prepared

by adding freshly cut sodium (70 mg, 3 mmol) to approxi-

mately 50 mL of dry methanol. Nitrogen was bubbled

through the apparatus as the sodium dissolved. To this

solution was added 24E (.500 mg, 2 mmol) along with 130

mL methanol. This solution was irradiated for 4 h through

Pyrex with a 450 Watt Hanovia lamp. Excess ammonium chlor-

ide was added to neutralize the sodium methoxide. The

methanol was removed on the rotary evaporator, then ether

and water were added. The ether layer was separated,

washed with water, dried, and evaporated to give an oil.

This was chromatographed (10-50% ether-petroleum ether)

to give 23a (180 mg, 36%) as solid: mp 111-113°C; it (Nu-

jol) 1745, 1675, 1150 cm-1; nmr (CDC13) 6 0.99 (3H, s),

1.07 (3H, s), 1.24 (3H, s), 1.0-1.9 (6H, m), 2.23 (1H, t,

J=3Hz), 3.30 (1H, s), 3.72 (3H, s), 6.16 (1H, d of d, J=

3Hz, 7Hz), 7.04 (1H, d of d, J=3Hz, 7Hz); mass spectrum

(e) 250.157 (talc for C15H2203: 250.157), and 23b (.150

mg, 30%): identical to material obtained from reaction

of 65 with stannic chloride.
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Irradiation of 24E and its Enolate in Tetrahydrofuran

The photochemical experiments in tetrahydrofuran

solutions were conducted at a ca. 0.011 concentration in

a nitrogen atmosphere, and worked up in the same fashion

as the experiments carried out in methanol. In the exper-

iments involving the enolate 80E, sodium hydride was add-

ed to a solution of 24E in tetrahydrofuran, and irradia-

tion was started after hydrogen evolution had ceased. The

product mixture from the experiment in which 0.5 equiva-

lent of sodium hydride was added was separated by chroma-

tography on activity II silica gel to determine the rela-

tive amounts of products, which are listed in the text. The

results from irradiation of 24E in neutral tetrahydrofur-

an and in a solution containing one equivalent of sodium

hydride were analyzed by tic and nmr spectroscopy, and

are described in the text.

Irradiation of 66 in Methanol-Sodium Methoxide

Pyran 66 (283 mg, 1.1 mmol) was added to a solution

of sodium methoxide, prepared from sodium hydride (50 mg

of 50% dispersion, 1 mmol) and dry methanol (180 mL). This

was irradiated for 4 h with a Hanovia 450 Watt mercury

lamp in a stream of nitrogen, then worked up as in previ-

ous experiments to give 263 mg of a semicrystalline product.

This was a mixture of 23a and 23b as determined by tic and
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nmr spectroscopy, with a trace of 66 and decomposition pro-

ducts. During the same time period, a similar solution of

66 in methanolic sodium methoxide which was not irradiat-

ed, underwent no significant changes.

5,9-Dimethyldeca-4,8-dienoic acid (119)

Diethyl geranylmalonate (40 g, 0.13 mole) was dissolved

in anhydrous ethanol (200 mL). To this was added sodium

hydroxide (10.8 g, 0.27 mole) with stirring. This mixture

was stirred and refluxed for 2 h, then cooled. The ethanol

was removed under reduced pressure and the residue was dis-

solved in the minimum amount of water. The aqueous solu-

tion was washed twice with equal volumes of ether, then

acidified with concentrated hydrochloric acid. The organ-

ic layer was extracted with. ether, dried, and evaporated.

The residue was heated to 160-180°C under nitrogen for 30

minutes, then distilled in vacuo. The fraction boiling

from 120-160°C (at 0.3 torr) weighed 20.5 g (77%) and was

> 95% pure 119: nmr (CDC13) d 1.60 (6H, s), 1.65 (3H, s),

1.98 (4H, broad s), 2.35 (4H, broad s), 4.6-5.3 (2H, m),

10.9 (1H, broad s); mass spectrum (M+) 196.

Acid Chloride of 119

To a solution of geranylacetic acid (10.0 g, 0.05 mole)

in 50 mL dry benzene, oxalyl chloride (10 mL, 14.5 g, 0.11
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mole) was added, with stirring. Stirring was continued

20 minutes, at which point gas evolution had ceased. The

benzene was removed at reduced pressure. The crude pro-

duct, which was shown by infrared and nmr spectroscopy to

be free of carboxylic acid, was used in the succeeding

reaction without purification.

Methyl 6,10-Dimethylundeca-5,9-dienoate (117)

An ether solution of diazomethane, prepared and dried

according to directions on page 166 of "Organic Syntheses,

Collected Volume 11" from 25 g of nitrosomethylurea (cal-

culated to be > 0.15 mole), was cooled in an ice bath with

gentle stirring. The crude acid chloride, dissolved in

125 mL dry ether was added dropwise (ca. 30 minutes) to

the stirring solution. After addition, the ice bath was

removed and the solution was stirred at room temperature

for 4 h. The ether was then removed along with excess dia-

zomethane at reduced pressure, and the residue was dissolved

in anhydrous methanol (130 mL). This solution was irradiat-

ed with a Hanovia 450 Watt mercury lamp in a Pyrex immer-

sion well for 3 h. The methanol was removed on the rotary

evaporator, leaving 11.8 g of crude product. The crude ma-

terial was chromatographed (100 g activity II silica gel,

5% ether in petroleum ether) to give 8.9 g (.80%) of the

title compound: it (_film) 1740 cm-1 ; nmr (CC1
4

) 8 1.58 (6 H,
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s), 1.66 (3H, s), 1.3-2.4 (10H, broad m), 3.59 (3H, s),

4.6-5.3 (2H, m); mass spectrum (Mt) 224.178 (talc for

C
14

H
24

0
2

: 224.178).

1-Methoxy-l-trimethylsiloxy-3-phenyl -1-propene 125a

(0- Trimethylsilyl Derivative of 121)

A flame-dried, 25 mL two neck flask was equipped with

a magnetic stirrer and addition funnel, and swept with ni-

trogen. Dry tetrahydrofuran (7.5 mL) was added through

a septum, followed by n-butyllithium (0.45 mL of 2.4M sol-

ution in hexane, 1.1 mmol). The resultant solution was

cooled by stirring in an ice bath and dry diisopropylamine

(0.15 mL, 1.1 g, 1.1 mmol) was added dropwise. After addi-

tion was complete, the mixture was stirred at 0°C for 10

minutes, then the ice bath was replaced with a bath of Dry

ice-acetone. The mixture was stirred for 5 minutes, then

121 (1.64 g, 0.01 mmol) was added dropwise (5 minutes). The

addition funnel was rinsed with dry tetrahydrofuran, then

the solution was stirred at -70°C for 30 minutes. Trimeth-

ylchlorosilane (2.5 mL, 25 mmol) was added dropwise, and

the mixture was stirred briefly at -70°C, then at room tem-

perature for 30 minutes. The solution was diluted with an

equal volume of dry pentane, filtered and evaporated at re-

duced pressure. The residue was taken up in pentane, fil-

tered, and evaporated again, then distilled in vacuo to
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give the title compound (1.84 g, 88%): by 69-79°C (0.6

torr); it (film) 2970, 2940, 2860, 1680, 750, 700 cm-1;

nmr (CC14) 6 0.35 (9H, 2s), 3.75 (3H, s), 3.0-4.2 (3H,

m), 7.4 (5H, broad s).

Methyl 2- Chloroacetyl- 3- phenylpropanoate (126a)

A solution of chloroacetyl chloride (0.35 mL, 0.49

g, 4.3 mmol) in dry tetrahydrofuran (5 mL) was cooled by

stirring in an ice bath and swept with nitrogen. To this

was added the silyl ketene acetal derivative 125a (1.0 g,

4.3 mmol). The resultant mixture was left stirring at

room temperature for 17 h, then diluted with ether (10 mL)

and washed with two 10 mL portions of water. The organic

layer was dried and evaporated, and the crude product was

chromatographed (activity II silica gel, 10-50% ether-pet-

roleum ether) to give 0.90 g (85%) of 126a: nmr (CDC13)

6 3.2 (2H, d), 3.7 (3H, s), 4.1 (2H, d), 7.25 (5H, s) (the

ketoester methine could not be distinguished); mass spec-

trum (e) 240.

3- Benzyl- 4- hydroxyfuran -2(5H) -one (128)

A solution of triethylamine (440 pL, 320 mmol) and

126a (240 mg, 1.1 mmol) in dry benzene (3.5 mL) was re-

fluxed 20 h. The benzene and excess triethylamine were
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removed at reduced pressure, and 50% aqueous methanol (5

mL) was added. This was stirred 12 h at room temperature,

then most of the methanol was removed at reduced pressure.

The aqueous solution was acidified with 4N sulfuric acid

(2 mL) and extracted with ethyl acetate (5 mL). The ethyl

acetate' was dried (Na
2
SO

4
) and evaporated to give 170 mg

crude product. This was triturated with ether to give 90

mg (43%) of the tetronic acid: it (Nujol mull) 3300-2000,

1740, 1650 (broad) cm-1; nmr (CDC13-DMSOd ) 6 3.5 (2H, s),

4.55 (2H, s), 7.25 (5H, s); mass spectrum (e) 190.063

(talc for C
11

H
10
0
3.

190.063).

1-Methoxy-l-trimethylsiloxy-6.10-dimethylundeca-

1,5,9-triene(125b)(0-Trimethylsily1 Derivative of 117)

A flame-dried, 50 mL three neck flask was equipped

with a magnetic stirrer and addition funnel and swept with

nitrogen. Dry tetrahydrofuran (25 mL) was added, followed

by butyllithium (13 mL of 2.4M solution in hexane, 31 mmol).

This was cooled in an ice bath and dry diisopropylamine

(4.4 mL, 3.2 g, 32 mmol) was added dropwise with stirring.

After complete addition (ca. 10 minutes) dry tetrahydrofur-

an (5 mL) was used to rinse the remaining ester from the

funnel, and the solution was stirred at Dry ice temperature

for 30 minutes. Trimethylchlorosilane (7 mL, 70 mmol) was

then added dropwise. After addition, the solution was
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stirred briefly at Dry ice temperature, then at room tem-

perature for 30 minutes. The tetrahydrofuran solution was

diluted with an equal volume of dry pentane and filtered.

The solution was evaporated at reduced pressure and the

residue again taken up in pentane, filtered, and evaporat-

ed. The crude product was used without further purifica-

tion. Crude mass, 8.86 g.

Methyl 2-Chloroacety1-6,10-dimethylundeca-5,9-dienoate (126b)

The entire crude product from the previous reaction

was dissolved in dry tetrahydrofuran (25 mL). This was

cooled by stirring in an ice-salt bath, and swept with ni-

trogen. Triethylamine (60 mL, 4.4 g, 43 mmol) was added,

followed by chloroacetyl chloride (3.4 mL, 4.8 g, 42 mmol).

A brown precipitate developed rapidly. The suspension was

stirred 18 h, then diluted with ether (50 mL) and washed

with two, 50 mL portions of water. The organic solution

was dried and evaporated, leaving 10 g of crude product.

This was chromatographed (50 g, activity II silica gel,

gradient 10-5070 ether-petroleum ether) to give 5.7 g (67%)

of 126b;nmr (CC14) 6 1.49 (6H, s), 1.55 (3H, s), 1.95 (8H,

broad s), 3.6 (3H, s), 4.15 (2H, s), 4.5-5.4 (2H, m) (keto-

ester methine could not be distinguished); mass spectrum

(e) 300.
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3-(4,8-Dimethylnona-3,7-dien-1-y1)-4-hydroxy-

furan-2(5H)-one (113)

The y-chloro-a-ketoester 126b (5.60 g, 18.7 mmol)

was dissolved in dry benzene (100 mL). To this solution

1.5-Diazabicyclo-undec-5-ene (3.9 mL, 3.1 g, 20 mmol) was

added with stirring. After a few minutes, the solution

had turned dark brown and white crystals began to precipi-

tate. The reaction mixture was left stirring overnight

(12 h). The solution was then filtered from the crystals

and evaporated at reduced pressure. A dark brown oil re-

mained which was taken up in methanol (100 mL) to which

was added 1N hydrochloric acid (5 mL). This was stirred

for 4 h, then most of the solvent was removed at reduced

pressure. To the residue was added water (5 mL) and ether

(60 mL). The ether layer was separated, dried, and evap-

orated, leaving 5.02 g of light brown semi-solid material.

The crude product did not recrystallize well, and was con-

sequently chromatographed (40 g activity II silica gel,

gradient 10-100% ether-petroleUm ether) to give 3.75 g

(80%) of 113 as a colorless, waxlike solid: it (Nujol)

3600-2200 (two or more broad, overlapping bands), 1720,

1650 cm
-1

; nmr (CDC13) 6 1.62'(6H, s), 1.72 (3H, s), 1.8-

2.4 (8H, broad m), 4.70 (2H, broad m), 5.15 (2H, broad s)

(enol proton was not observed); mass spectrum (M +) 250.158

(calc for C
15

H
22

250.157).
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3-(4,8-Dimethylnona-3,7-dien-l-y1)-4-acetoxy-

furan-2(5H)-one (132)

Tetronic acid 113 (100 mg, 0.40 mmol) was dissolved

in dry methylene chloride (12 mL). To this was added py-

ridine (80 pL, 79 mg, 1.0 mmol). While stirring the solu-

tion, acetyl chloride (60 iL, 66 mg, 0.84 mmol) was added.

A tic after 30 minutes showed complete conversion of start-

ing material to a less polar product. The methylene chlor-

ide was evaporated and the residue was taken up in ether

and water. The ether layer was dried and evaporated, leav-

ing 124 mg (100%) of a light yellow oil: it (film) 2030,

1760, 1690 cm -l; nmr (CC1
4

) 5 1.55 (6H, s), 1.65 (3H, s),

1.8-2.4 (8H, broad m), 2.23 (3H, s), 4.92 (2H, s), 4.8-

5.2 (2H, broad m); mass spectrum (e) 292.166 (calc for

C
17

H
24

0
4'

292.167).

3-Bromo-3-(4,8-dimethy1-3,7-dien-l-y1)-furan-2,4-dione (131)

A solution of 113 (80 mg, 0.32 mmol) in dry tetrahy-

drofuran (15 mL) was cooled to 0 °C, and N-bromosuccinimide

(60 mg, 0.34 mmol) was added with stirring. The resultant

mixture was stirred at 0°C for 1 h, then the tetrahydrofur-

an was evaporated at reduced pressure. The residue was dis-

solved in ether (20 mL). The ether solution was washed

twice with 20 mL portions of water, dried and evaporated,

to give 150 mg of a light yellow oil. This was chromato-
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graphed (activity II silica gel, 20% etherpetroleum ether)

to give 44 mg (41%) of 131: ir (film) 1780, 1760 cm-1;

nmr (CDC13) 6 1.5 (6H, s), 1.7 (3H, s), 1.8-2.4 (8H, m),

4.3-5.2 (4H, m); mass spectrum (M+) 328,330.

Reaction of 113 with Stannic Chloride

A solution of 113 (259 mg, 1.03 mmol) in methylene

chloride (10 mL) was cooled by stirring in an ice bath.

Stannic chloride (.140 pL, 312 mg, 1.2 mmol) was added,

and the mixture was stirred at 0°C for 3 h, then diluted

with ether. The solution was washed with three, S mL por-

tions of 5% hydrochloric acid and once with water, then

dried and evaporated. The crude product was chromato-

graphed (activity II silica gel, 10% ether-petroleum eth-

er) to give the partially cyclized material (28 mg, 11%)

and the three fully cyclized products (total 211 mg, 80%)

described in the text.

Reaction of 113 with Diazomethane

A solution of 113 (100 mg, 0.4 mmol) in ether (5 mL)

was treated dropwise with ethereal diazomethane until the

yellow color persisted. The ether and excess diazomethane

were removed at reduced pressure, leaving 110 mg of crude

product. This was chromatographed (activity II silica

gel, ether) to give 61 mg (.59 %) of 134: ir (film) 1755,
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1675 cm-1 ; nmr (CDC13) 6 1.62 (3H, s), 1.63 (3H, s), 1.69

(3H, s), 1.76-2.50 (8H, m), 3.95 (3H, s), 4.67 (2H, s),

5.14 (2H, broad s); mass spectrum (M+) 264.174 (calc for

C
16

H
24

0
3:

264.173), and 41 mg (38%) of 130: ir (film)

1700, 1600 cm-1 ; nmr (.CDC13) 6 1.60 (3H, s), 1.68 (3H, s),

1.86-2.44 (8H, m), 4.05 (3H, s), 4.56 (2H, s), 5.14 (2H,

broad s); mass spectrum (Mt) 264.173 (calc for C102403:

264.173). The spectral data for 130 as obtained here

was identical to that of the material obtained from treat-

ment of 129 with diazobicycloundecene.

3-(Phenylseleny1)-3-(4,8-dimethylnona-3,7-

dien-1-yl)furan-2,4-dione (139)

A solution of 113 (105 mg, 0.42 mmol) in dry ether

(5 mL) was cooled by stirring in an ice bath. A solution

of phenylselenyl chloride (80 mg, 0.42 mmol) in dry ether

(3 mL) was added dropwise, causing an immediate precipi-

tate. After addition was complete (ca. 1 minute), the mix-

ture was stirred in the ice bath for 5minutes, then water

(5 mL) was added and the ether layer was removed,washed

once with water, dried, and evaporated, to give 168 mg

(100%) of crude 139: ir (film) 1795, 1750 cm-1; nmr (CDC13)

6 1.58 (6H, broad s), 1.65 (3H, s), 1.7-2.6 (ca. 8H broad

m), 4.1 (2H, d), 4.6-5.3 (2H, broad d). Although the nmr

spectrum of this material indicated the pressure of impur-

ities in the form of excess hydrogens in the aromatic region
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(6 7-8), it was not sufficiently stable to purify (it de-

composed on silica). Additional evidence for the formula

of the product was obtained from a low resolution mass spec-

trum. Selenium occurs as a mixture of isotopes with mass-

es of 76, 77, 78, 80 and 82. The spectrum showed a clus-

ter of peaks at 402, 403, 404 and 408, corresponding to the

molecular weight of 139 for each isotope. M+1 peaks were

visible at 405 and 407, corresponding to the isotopes of

selenium (78 and 80) with the greatest natural abundance

(ca. 25 and 50%, respectively).

Reaction of 130 with 9-Borabicyclononane

A solution of 130 (140 mg, 0.5 mmol) in dry tetra-

hydrofuran (3 mL) was prepared in a flask swept with ni-

trogen and cooled in an ice bath. A 0.5M solution of 9-

Borabicyclononane in tetrahydrofuran (.1.2 mL, 0.6 mmol)

was added dropwise, following which the reaction mixture

was maintained at 0-5°C for 8 h. Excess reducing agent

was quenched by addition of methanol (100 uL), and the sol-

vent was removed on the rotary evaporator. The residue

was taken up in ether (5 mL) and treated with ethanolamine

(90 uL, 0.4 mmol). The resulting gummy precipitate proved

impossible to filter out completely. After several attempts

to do so, the ether was removed at reduced pressure and

the residue was chromatographed (activity II silica gel,
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gradient 10-50% ether-petroleum ether). The first frac-

tion (25 mg) showed no vinyl protons in the nmr spectrum

and was not further examined. The second fraction (50 mg)

contained a mixture of 143, a slightly more polar material

thought to be 114, and a small amount of unidentified ma-

terial. This mixture was chromatographed again, under the

same conditions, to give 43 mg (35%) of 143, (still contam-

inated with appreciable amounts of impurities): nmr (CDC1 )
3

6 1.6 (6H, s), 1.7 (3H, s), 4175 (2H, broad s), 5.1 (2H,

broad s), 7.1 (1H, broad s); mass spectrum (M+) 234.
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